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ABSTRACT

Light microscopic studies of immunostained dentate gyrus of hippocampi surgically
removed from two groups of patients with medically intractable temporal lobe epilepsy
revealed organizational differences with respect to the somatostatin, neuropeptide Y, and
substance P like-immunoreactive (SOMLI, NPYLI, and SPLI respectively) systems. One
group with extrahippocampal temporal lobe tumors (TTLE) revealed no specific pathology,
while the other group, or cryptogenic group (CTLE), with no gross lesions, revealed a loss
of SOMLI, NPYLI, and SPLI hilar interneurons and changes in the fiber staining patterns
in the dentate gyms. The ultrastructural changes between the groups were compared.
SOMLI dendrites were found ramifying from the TTLE hilus up through the inner
molecular layer. The CTLE dentate gyms showed a significant loss of SOMLI dendrites in
the hilus and the inner molecular layer. SOMLI terminals, restricted to the outer molecular
layer in the TTLE group, occupied the entire CTLE molecular layer.
In the TTLE group, NPYLI terminals were most concentrated in the outer molecular
layer, but were found throughout all layers of the dentate. Few NPYLI dendrites were
found in the molecular layer. Large axon-terminal complexes traversed the outer and inner
molecular layer and often contacted several dendrites at once. The CTLE dentate gyms had
more of these terminals in the inner molecular layer.
In the TTLE group the SPLI fibers in the molecular layer are terminal in nature.
The terminals synapse on small dendrites in the outer molecular region and are concentrated
in a band-like distribution on either side of the granule cell layer. They synapse on
proximal dendrites of granule cells in the inner molecular layer. In the CTLE hilus the band
of SPLI fibers disappears and new large SPLI terminals stud the apical proximal dendrites
of granule cells. Large SPLI terminals were also found synapsing on granule cell somata.
The synaptic reorganization of these peptide-immunoreactive systems may provide a neural
substrate for hyperexcitability in the hippocampus.
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INTRODUCTION

Epilepsy is a common neurological disorder which manifests itself in many forms.
This thesis is concerned with an analysis of one form of epilepsy, namely, temporal lobe
epilepsy. Patients with this form of epilepsy often experience medically intractable
seizures, and some may require surgical intervention, more specifically an anteromedial
temporal lobectomy for seizure control. Analysis of this resected tissue offers the
possibility of a deeper understanding of the underlying mechanisms of epileptogenesis in
the temporal lobe. This thesis focuses on the neuroanatomical and neurochemical changes
of three specific peptide systems in the normal and epileptic human hippocampus in an
attempt to define the neural circuitry involving these peptides and to assess their probable
role in epileptogenesis.
The introduction that follows will review some background information that sets the
stage for understanding the significance of the studies undertaken here. In particular the
review will contain a brief introduction followed by a classification of seizure types,
including temporal lobe epilepsy. Basic mechanisms of epileptogenesis on a cellular as
well as a circuitry level will be discussed. Finally, the introduction will focus on the
hippocampus and how its anatomy, physiology, and pathology contribute to its
epileptogenic potential. The relationship between epilepsy and the hippocampus has been
the focus of scientific investigation for over 100 years, but this study is among the first to
elucidate some of the neuroanatomical and neurochemical changes seen in a hippocampal
seizure focus on an ultrastructural level.
The nineteenth century British neurologist, Hughlings Jackson, postulated that
epilepsy was a chronic and recurrent disturbance of the central nervous system secondary
to an instantaneous, disordered, and excessive electrical discharge of abnormally
functioning cerebral cortical neurons. The number of cells involved, the many possible
origins, the pathway of spread of this electrical discharge, and the variety of causes of this

5
temporary neurologic dysfunction determine its clinical presentation. The myriad of forms
epilepsy manifests has perplexed scientists for at least the last 2500 years. The origin of
the word epilepsy is from the Greek word epilepsia meaning "to seize upon" or "to take
hold of, and its clinical manifestations have been documented as far back as Hippocrates
(Ransom, 1979). The epithets that epilepsy has acquired since the 5th century B.C., such
as "the sacred disease" in ancient Greece, "the falling sickness" in Medievil Europe, and
"absences" in 17lh century Europe, are testimony to the variety and complexity of clinical
seizure syndromes.
Since Hans Berger's 1929 introduction of electroencephalography (EEG) to the
modem medical community, the ability to demonstrate and record electrical activity of the
human brain has provided the opportunity to diagnose, categorize, and treat epilepsy.
Epilepsy is not a disease. It is a symptom of an underlying disorder of the affected cortex.
Epilepsy ranks among the most common neurologic disorders, and is exceeded only by
stroke. Its many etiologies range from metabolic disorders, infectious processes, traumatic
events, and intracranial lesions (including developmental, congenital, or acquired) to
idiopathic and even hereditary factors. It is a condition which affects people of all ages,
male and female, and spans across all races. It is presently thought to affect 1 to 2 million
people in the United States alone and up to 40 million people worldwide. There is no
known "cure", only control, and it is only now, via new molecular biological and
electrophysiological techniques, that basic mechanisms of epileptogenesis are being
successfully investigated and understood.

Seizure Classification: Generalized
The underlying premise of seizure classification based on the International
Classification of Epileptic Seizures is that some seizures are restricted to one area of the
brain while others involve a more diffuse area of cortex. Those which are localized to one
area of the brain are in the realm of partial or focal epilepsy whereas the latter are referred to
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as generalized. Generalized epilepsy may be primary or may be the result of secondary
spread of aberrant electrical activity from a focal seizure area and can be divided into the
convulsive type (tonic-clonic or grand-mal) or the non-convulsive type (absence or petitmal). Generalized convulsive seizures are characterized by an abrupt loss of
consciousness, loss of postural tone, and subsequent rhythmic tonic-clonic movements of
the body. The individual brain structures involved in generalized convulsions are poorly
understood but may include, in addition to a diffuse area of the cerebral cortex, the reticular
formation and the thalamic diffuse projection system (Ransom, 1979). Nonconvulsive
generalized seizures are also characterized by an abrupt interruption to total loss of
consciousness, but they are associated with minor rhythmic motor activities such as eye
blinking or lip smacking. Areas thought to be involved during one of these episodes are
limited to the thalamic reticular formation and the thalamocaudate inhibition system
(Ransom, 1979). Generalized epilepsy suggests a global dysfunction of the normal
functioning brain.

Seizure Classification: Focal
When the clinical manifestations of a seizure reflect epileptiform activity in an
isolated area of cortex with extension only to certain pathway-connected subcortical areas,
it is considered a focal or partial seizure. In focal epilepsy a defined area of cortex
presumably undergoes some degree of injury or insult which renders a substantial number
of neurons in that area hyperexcitable. Once this new "steady state" is established, the
effected cortex is at a substantially higher risk for seizure discharge (Spencer, 1987). It
must be noted that the theoretical concept of focal epilepsy, especially in the realm of
experimental animal models, is under much debate, however it is a major consideration in
the medical and surgical treatment of epilepsy. In the realm of the clinical management of
partial seizures the need to identify the location of the discharging lesion is of primary
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concern. A classification of partial seizures has been established on clinical findings, as
well as electroencephalographic, radiographic, and pathologic findings.
The first type of partial seizure is called a simple partial seizure and consists of
symptoms related to basic sensory or motor symptoms with a discharging focus in the preor the postcentral gyri areas. These manifest themselves in the form of simple clonic
movements of a particular area of the body or a sensory disorder characterized by a local
area described as tingling, numbness, formication, or electricity.
Complex partial epilepsy, the most common form of partial seizures and the major
focus of this thesis, is characterized by more complex symptoms which are consistent with
the focal cortical areas often involved, namely the temporal and the fronto-temporal
regions. Around 85% of the people with epilepsy in the United States experience a form of
complex partial epilepsy. Although the frontal lobe is an initiation site for these seizures,
most of these seizures (80%) are found to emanate from the medial temporal lobe
structures, namely the hippocampus and the amygdala. Due to their frequency and
complex symptoms, complex partial seizures carried the misnomer of "temporal lobe
epilepsy" in the older classification system (Delgado-Escueta et al, 1986).

Temporal Lobe Epilepsy
Clinical localization
Today, temporal lobe epilepsy refers to a very specific disease entity in the medial
temporal lobe defined by specific symptomatology, intra- and extra-temporal lobe EEG
recordings, radiographic measurements, and changes in the neurochemistry and anatomy of
the mesiobasal temporal lobe structures. Temporal lobe epilepsy often has a very specific
clinical presentation. About two-thirds of these patients experience or have experienced
generalized seizures, and over one third have a history of a prolonged febrile seizure in
early childhood. 5% of the children in the United States experience febrile seizures each
year, but only up to 4.6% of them go on to experience recurrent seizures during adulthood
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(Nealis et al, 1978). However, a substantial number of those people (up to 45%) go on to
develop complex partial epilepsy which is unresponsive to conventional medical therapy.
The medial temporal lobe structures house regions involved in the processing of
memory, emotion, motor function, and cognition, and, when stimulated, the patient may
experience some quite distinctive and even bizarre symptomatology. Up to 83% of
temporal lobe seizures are preceded by an aura (So, 1993). In short, an aura is an
uncomplicated complex seizure of which the patient is acutely aware, and which may show
no electroencephalographic changes. Depending on the functional area involved a variety
of complex sensations may be experienced. Some of these sensations include formed
hallucinations, illusions (visual or auditory), dyscognitive experiences (deja vu, jamais vu,
dreamy states, and depersonalization), affective states (depression, fear, or elation), and
epigastric sensations. As the abnormal electrical discharge spreads along connected neural
pathways to adjacent cortex, EEG changes are noted and the patient may lose contact and
simultaneously manifest simple or complex automatisms. At the resolution of the seizure
and the postictal period, the patient can most often recall the nature of the aura.
Electroencephalographic localization
The EEG is an important tool for defining, confirming, and managing temporal lobe
epilepsy. Correlation between focal areas of injured brain to specific interictal neuronal
behavior as demonstrated by EEG has been well described. The characteristic EEG finding
in an epileptic focus is the interictal focal spike or sharp-wave discharge. It is a robust
depolarizing potential with a high-frequency spike discharge representing a synchronized
depolarizing burst in a group of neurons which is then followed by a prolonged
hyperpolarization resulting from recurrent synaptic inhibition (Ransom, 1979).
Electrophysiologically these EEG recorded depolarizations correspond to frequent,
paroxysmal, and intracellular depolarizations, called paroxysmal depolarization shifts
(Matsumoto and Ajmone-Marsan, 1964). It is this unique interictal depolarization that all
seizure foci share, and it will be discussed in detail later. For patients with temporal lobe
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epilepsy a specific EEG finding, the anterior temporal lobe spike, is a useful and diagnostic
indicator for an isolated area of hyperexcitable neurons. These interictal spikes, though
only seen encephalographically, are correlated with a high potential for epileptogenicity,
and are closely associated with temporal lobe pathology. Further examination of EEG
recordings over an evolving seizure in a focal temporal lobe epileptogenic region
demonstrate distinct phases: (1) desynchronization or attenuation of EEG activity over the
focus; (2) rhythmic, low-voltage, fast-activity discharge; and (3) progressive increase in
amplitude with slowing that spreads. These EEG alterations do not occur over normal
cortex.
Although surface EEG monitoring remains an important localizing modality its
accuracy for absolute localization of temporal lobe foci is variable with respect to the
relatively sequestered mesial temporal lobe structures. In one study 36% of epileptic
patients had non-localized scalp EEG recordings but positive EEG findings on depth
electrode studies (Spencer, 1987) Specific areas of hyperexcitability in patients who are
surgical candidates for medically intractable temporal lobe epilepsy can be more accurately
localized using invasive monitoring techniques such as depth electrode, subdural grid,
and/or subdural strip placement (Spencer, 1987; Weinand et al, 1992; Spencer, 1993).
Carefully placed, intracranial depth electrodes can localize seizures to a specific area of
temporal lobe, such as the hippocampus, which is responsible for the generation of seizure
activity (Babb et al, 1984; Spencer, 1993). The addition of audiovisual monitoring of
patients with either extra- or intra-cranial EEG monitoring has provided a unique
opportunity to directly correlate electroencephalographic localization with clinical
manifestation of temporal lobe epilepsy.
Radiographic localization
In defining focal versus generalized epilepsy and localizing epileptogenic foci, one
cannot ignore the value of concordant neuroimaging findings. Computed tomography is
extremely useful in identifying structural lesions, although MRI is replacing CT for

detecting focal lesions such as gliomas, hamartomas, vascular malformations, and
developmental abnormalities. All such lesions are well described causes of intractable
temporal lobe epilepsy. In some cases where clinical findings, neuropsychological testing,
and EEG recordings have not been concordant, the specificity of MRI has greatly aided
lateralization of epileptogenicity (Spencer, et al, 1984a; Spencer, 1987; Spencer, 1993).
The sensitivity of MRI has proven to be a special aid in detecting low grade gliomas and
other extra-hippocampal structural lesions as well as mesial temporal sclerosis, where
characteristic MRI features include increased T2 signal in the hippocampus and
significantly reduced hippocampal volume (Fried et al, 1992; Jackson et al, 1990). Other
neuroimaging techniques like positron emission tomography (PET) and single photon
emission computed tomography (SPECT) demonstrate decreased metabolism and
decreased receptor binding and blood flow respectively to temporal lobe harboring seizure
foci (Spencer, 1993). Furthermore these newer imaging devices are showing increasingly
more use in seizure focus localization when used in correlation with MRI (Ancri et al,
1991; Erickson et al, 1991).

Basic Mechanisms of Epileptosenesis
As discussed above there are many modalities in use to identify the presence of the
imbalances in inhibitory and excitatory equilibrium in a discrete discharging area of cortex.
Specific seizure manifestations, alterations of electroencephalographic findings, and
neuroimaging techniques direct localization and clinical management of focal epilepsy,
however they provide little insight into what forces determine the focus to be epileptogenic.
Although many etiologies have been shown to cause partial epilepsy, attempts at recreating
focal epilepsy by altering the neurochemistry and the neuroanatomy of non-human
mammalian models have provided only partial insight into what anatomical, physiological,
and molecular changes contribute to the hyperexcitability of a given cell or the synchronized
depolarization of a group of cells. There are several theories centering around what

possible phenomena may act to establish mechanisms of epileptiform activity in a distinct
group of interconnected neurons.
In approaching basic mechanisms of epilepsy one must consider all levels of
cellular organization which include (1) intrinsic cellular and molecular properties; (2)
extracellular and extra-neuronal factors; and (3) intemeuronal interactions. The
phospholipid bilayer of a neuron is only a passive conductor of electrical current, and it
alone has no capacity to generate and maintain a field potential across itself. Therefore in
discussing "membrane dysfunction" as related to epileptogenesis one considers those
dynamic elements of a cell membrane which determine and alter the ion permeability and
conductance, namely ion channels.
Intrinsic cellular properties
Ion channels are selectively permeable to particular ions (K+, Na+, Ca2+, and Cl')
and the most significant feature of neurons is the ability of these selectively permeable ion
channels to maintain a concentration gradient across that membrane despite forces acting to
disrupt that equilibrium. If there is a perturbation of that normal resting state (-70 mV to 90 mV) a rapid flow of ions across the membrane alters the membrane potential and an
action potential ensues. This is an all or none event and the initial stimulus must be at a
high enough potential to open Na+ specific channels. Once propagation of the action
potential is complete active transporters (Na+ K+-ATPase) of Na+ and K+ ions return the
membrane potential to resting (McGeer et al, 1987). What if selectively permeable ion
channels or active transporters of ions function improperly? Several investigators have
shown the presence of dysfunctional intramembrane ion carriers in hyperexcitable neurons.
Many different subtypes of Na+ channels are responsible for the upstroke or initial
depolarization of the action potential. In some cells there may be noninactivating Na+
channels that predispose a particular cell to an augmented depolarization and subsequent
spike discharges (Schwartzkroin, 1993). Another proposed contributor may be an
impaired Na+ K+ -ATPase activity (Delgado-Escueta et al, 1986; Rappaport et al, 1975).

Other channels which may contribute to a hyperexcitable steady state are high-threshold
voltage-dependent Ca2+ channels. These channels may cause further depolarization by
providing a steady inward current and may help generate paroxysmal depolarizing shifts
(Wong and Prince, 1978).
Extracellular properties
The concentration gradients of specific ions across the neuronal cell membrane
determine the electrical state of the membrane. Thus, any alteration of the extracellular
milieu with respect to conductive ions or other excitable substances (eg. Ca2+, glutamate,
etc.) can potentially depolarize a cell and render it hyperexcitable. Such is the case with
neurons in a hyperkalemic environment. Once depolarization of the membrane has peaked
rapid K+ fluxes are responsible for repolarizing the membrane back down to resting
potential. Any perturbation of this repolarizing potential could lead to only partial
repolarization which may provide a potential for repetitive depolarizations of the membrane.
If the extracellular K+ is elevated, depolarization causes further efflux of the ion leading to
self-sustaining depolarization which further enhances transneuronal coupling (DelgadoEscueta et al, 1986; Schwartzkroin, 1993). The result is a seizure. It is well established
that astrocytes have their own complex ion-specific channels (Na+, K+, Cl', and Ca2+) and
that they play an important role in maintaining an equilibrium in the extraneuronal
environment (Woodbury et al, 1984; Dietzel et al, 1989; Jalonen and Holopainen, 1989;
Prince and Connors, 1986). Glia also respond to extraneuronal concentrations of
neuroactive amino acids (MacVicar et al, 1989; Usowicz et al, 1989). It is well established
that glia play a major role in the uptake or processing of the excitatory and inhibitory
amines (GABA, glutamate, quisqualate, etc.) in the extraneuronal environment (Barres,
1989), the importance of which will be addressed later. In some recent studies altered
functioning with respect to excitatory substances has been demonstrated in cultured human
glia from epileptogenic foci (Gunel et al, 1991; Magge et al, 1992).
Interneuronal interactions

The equilibrium of a single cell therefore is determined by excitatory or inhibitory
neurotransmitters synaptically released from one neuron acting on a receptor which alters
the ionic flux across the membrane of another neuron. In the case of epilepsy, there could
be a disruption of the equilibrium between those inhibitory and excitatory interactions
among interconnected cells. The role of many neurotransmitter systems in epileptogenesis
has been extensively investigated, and many have been shown to be integrally involved in
the process of epileptogenesis.
The essential amino acid glutamate is the major excitatory neurotransmiter in the
brain which will induce depolarization when applied to almost any neuron in the brain
(Fonnum, 1984). Excess glutamate or glutamate receptor agonists have been shown to
produce seizures in a variety of animal models (Fisher, 1991; Fisher 1989; Nadler et al,
1980). It can induce a conformational change in several subtypes of glutamate-specific
receptor ion channels which allow a transmembrane flow of Na+, K+, and/or Ca2+ ions.
The action of glutamate is transmitted via two groups of receptor ionophores: (1) the
voltage sensitive N-methyl-D-aspartate (NMDA)-preferring receptors and (2) the nonNMDA receptors which are grossly broken down into subdivisions (quisqualate (QA) and
kainate (KA)). It is believed that the non-NMDA receptor subtypes (Na+ and K+
conductance), are responsible for ordinary depolarization, and that NMDA receptors (Na-tand Ca2+ conductance) act as amplifiers by enhancing already depolarized neurons (Fisher,
1991). NMDA receptors increase Ca2+ conductance into the neuron, which then turns on
many Ca2+-dependent second messenger systems. This may lead to permanent
physiologic changes in the excitability of the neuron, and, thus, it is the NMDA receptor
that has been postulated as an active contributor to long term potentiation (LTP), a process
by which the discharge potential is permanently altered by repeated excitation (Collingridge
and Bliss, 1987). It has also been suggested that the NMDA receptors play a major role in
the initiation or propagation of epileptiform discharges by a variety of proposed
mechanisms (Dingledine et al, 1990). Increases in Ca2+ conductance, secondary to

activation of NMD A receptors, leads to hyperexcitability of stimulated cells (Avoli, 1991;
Masukawaet al, 1991)
y-Aminobutyric acid (GABA), a 4-carbon amino acid formed by the
decarboxylation of glutamate (by the enzyme glutamic acid decarboxylase [GAD]), is the
primary inhibitory neurotransmitter in the CNS. GABA is thought to reduce the excitability
of neurons by activating two different subtypes of GABA receptors. The first, GABAa, is
an ionophore which significantly increases the membrane's permeability to C1‘ relative to
other ions, thus rendering the cell hyperpolarized. The second type is the GABAp
ionophore which hyperpolarizes the neuron by activating an outward K+ or Ca2+ current
(Tasker and Dudek, 1991). It has been suggested that a loss of this inhibition may be an
underlying mechanism of epileptogenesis. Animal models propose that several
mechanisms of altered GABAergic transmission, such as changes in the number or intrinsic
physiologic characteristics of GABAergic intemeurons; alteration of GABA release from
terminals; or change in the number or efficacy of postsynaptic GABA receptors, contribute
if not establish an epileptogenic focus (Tasker and Dudek, 1991). Although there has not
been a dramatic change in the GABAergic elements in certain human seizure foci, the
relative degree of GABAergic dysfunction needed to elicit epileptiform discharges is
uncertain (de Lanerolle et al, 1991).

Hippocampal Anatomy
One region particularly prone to synaptic alterations with resultant seizure activity is
the hippocampus. It is well established that up to 65% of temporal lobe epileptiform
lesions are located in the medial temporal lobe structures, and that most of those are found
in the hippocampus (Babb and Pretorius, 1993). The hippocampus is a system which
readily displays the phenomenon of plasticity. Stimulation of the hippocampal circuitry
leads to permanent neural changes at the molecular, cellular, and circuitry level. This
ability of the hippocampus to adapt its physiology to new incoming synaptic information
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makes it an ideal system for the processing of memory. The hippocampus' integral
involvement in the processing and acquisition of memory has been well documented in
both clinical and scientific settings. In Scoville's well referenced case study of H. M.,
bilateral removal of the hippocampi resulted in a catastrophic anterograde amnesia via the
loss of the ability to process and store short-term memory (Scoville and Milner, 1957).
Many animal models have also demonstrated the importance of the hippocampus in
memory function (Mishkin, 1978). Extensive research in long term potentiation models (a
theory of prolonged storage of synaptic information by neurons), have documented specific
synaptic and cellular alterations of cortical neurons associated with repeated stimuli of their
afferent inputs. Recordings from the extra-neuronal interstitium of both human and primate
demonstrated selective and specific electrophysiologic responses of some hippocampal
neurons to familiar stimuli (Brown and Zador, 1990).
The hippocampus, a somewhat cylindrical "C"-shaped structure of the mesial
temporal lobe inspired the 16th century anatomist, Arantius, to name it from a combination
of two Greek words, uuto = horse and mjiTtuo = sea monster, meaning seahorse
(Amaral and Insausti, 1990; Block, 1993; Brown and Zador, 1990). Grossly divided into
pes, body, and tail, it is an expansion of the temporal lobe and extends 7 to 8 cm in length
along the floor of the inferior hom of the lateral ventricle (Amaral and Insausti, 1990). Just
inferior and lateral to the amygdala, it extends back medially into the atrium of the lateral
ventricle, and it then curves back dorsally around under the splenium of the corpus
callosum. A layer of white matter carrying hippocampal efferents covers the ventricular
surface of the hippocampus and moves medially to become the fimbria. As the fimbria
proceeds posteriorly and the hippocampal formation ends under the splenium of the corpus
callosum it becomes the crus of the fomix.
Efferent connections
The fornix is the largest efferent fiber bundle of the hippocampal formation. The
cells of origin which make up the major contribution of these fibers are in the

hippocampus, subiculum, and the parahippocampal gyrus. The two cruri of the fornix
pass over the posterior portion of the thalamus and join at the hippocampal commissure to
become the body of the fornix. The fornix separates into two columns.The fibers of the
precommissural fomix, originating mostly from the hippocampus proper, pass above the
anterior commissure and terminate in the anterior hypothalamus and medial septal area.
The larger component of the fomix, the postcommissural portion, terminates mostly in the
mammillary bodies and in the ventromedial nucleus of the hypothalamus (Poletti and
Creswell, 1977). The cells of the subiculum are the major contributor to this portion of the
fornix (Amaral and Insausti, 1990). The anterior thalamic nuclei also receive some inputs
from this branch (Barr and Kiernan, 1983). Other efferent projections arise from the
subiculum and terminate in other adjacent cortices like the parahippocampal gyms, the
perirhinal and entorhinal areas, and to further cortices like the orbitofrontal cortex (Amaral
and Insuasti, 1990).
Afferent connections
The major afferent connections to the hippocampus come from several cortical
layers of the entorhinal area which receives complex and associational information from a
widespread area of the brain, including amygdala, thalamus, olfactory bulbs and cortex,
and higher associational cortices (Insausti et al., 1987). The perforant and alvear pathways
of the entorhinal area synapse onto the principal cells of the hippocampus proper and the
dentate gyms, and these terminals are topographically organized around the dendrites of
granule cells in the outer third of the molecular layer and around the distal dendrites of CA1
and subiculum pyramidal cells (Steward, 1976; Steward and Scoville, 1976; Van Hoesen
and Pandya, 1975; Witter et al, 1989). Another significant input into the hippocampus
comes from the septal nucleus and the diagonal band. These predominantly cholinergic
projections enter the hippocampus via the dorsal fomix and the fimbria and mainly synapse
onto cells in the hilus and in CA3 (Buzsaki, 1984; Wainer et al, 1985; Amaral and
Eckenstein, 1986; Brown and Zador, 1990). It this input from the cholinergic "pacemaker"

cells of the septum that causes a periodic excitation of a number of pyramidal and granule
cells and results in hippocampal rhythmic activity (Tombol and Petsche, 1969). The
supramammillary area contains a variety of peptide-specific neurons (Bennett-Clarke and
Joseph, 1986) which are the site of origin of the largest hypothalamic input into specific
areas of hippocampus, namely the outer molecular layer of the dentate gyrus, CA2, and
CA3 (Amaral and Cowan, 1980; Wyss et al, 1979; Veazey et al, 1982). Although much of
the above has centered on afferent projections to the principal neurons of the hippocampus
and the dentate gyrus, afferent excitation of the non-principal cells, the intemeurons, results
in a balance and counterbalance of synaptic information entering the hippocampus
(Buzsaki, 1984). As will be discussed, these intemeurons play a crucial role in the relay of
synaptic information within the hippocampus.
Intrinsic connections
Observed in the coronal plane, the hippocampal formation is an "S"-shaped region
of three-layered cortex or archicortex (Figure la). The unique histological organization of
the hippocampal formation has been traditionally divided up into regions including the (1)
hippocampus proper, which, divided into 4 subregions (CA1-CA4), includes a curved
band of cells, called Ammon's horn, derived from the name of the ancient Egyptian deity
with the head of a ram (Lorente de No, 1934). This structure, made up mostly of
pyramidal cells, extends from the (2) dentate gyrus to the (3) subiculum. With the advent
of more advanced anatomical methods, controversy over the demarcation between the
Ammon's hom and the dentate gyrus arose. In 1956 Blackstad disputed Lorente de No's
(1934) nomenclature of the CA4 region (encompassing the area enclosed by the dentate
gyrus) of the hippocampus proper, and he suggested that it more resembled the
morphological and synaptical structure of the dentate gyrus. Amaral's description of the
hilar region in the rat (1978) confirmed these findings of Blackstad (1954), and he
suggested that the region of CA4 is not an extension of the CA3 region and Ammon's horn
but is an extension of the fascia dentata (Figure la and lb). For future reference, this paper

will assume the nomenclature of Amaral (1978) and refer to CA1 to CA3 as constituting the
hippocampus proper and the hilus as extension of the subgranular polymorphic zone.
Finally, the (4) entorhinal cortex lies as an infero-lateral extension of the subiculum and is
responsible for the major input to the hippocampus proper.
Golgi (1886) perfected his silver impregnation technique and examined the labeled
cells of the dentate gyrus over a century ago. It is this technique that Schaffer (1892),
Ramon y Cajal (1911), and Lorente de No (1934) used to systematically identify the
morphological features of the neuronal cell types and the intrinsic connections within the
hippocampus. These works have provided a basic organizational structure which is still
relied upon today by current hippocampal researchers. There are two categories of cell
types in the hippocampus: the (1) principal neurons (further categorized into the (i) granule
cells of the dentate gyrus and the (ii) pyramidal cells of Ammon's hom) and the (2) intrinsic
neurons, or interneurons. The interactions of these cells constitute the three major systems
of intra-hippocampal connections: (1) the mossy fiber pathway; (2) the Schaffer collateral
pathway; and (3) the intemeuronal system or associational pathway (Figure lb).
The pyramidal cells and the granule cells are distinctly arranged neuron groups
which constitute 96-98% of the neuropil of the hippocampus (Buzsaki, 1984). The dentate
gyrus, whose principal neurons are the granule cells, is a three-layered region of the
hippocampal formation, divisible into the granule cell layer, the molecular layer, and the
hilus, and. These granule cells are the gateway to the hippocampus as they receive the bulk
of the incoming synaptic information to the hippocampus via the perforant pathway. The
granule cells and their related circuitry are the main focus of this paper and will be
addressed in detail. The granule cells, estimated to be around 9 x 106 in the dentate gyrus
of the human (Amaral and Insausti, 1990), are round, small cells (10 (am) which are tightly
packed into 4 to 20 cell-thick C-shaped layer, called the stratum granulosum, or the granule
cell layer. The cells may either give rise to extensively branched apical (Claiborne et al.,
1990; Seress and Frotscher, 1990) or, less frequently, apical and basal dendrites, the

former type being more common in the human hippocampus (Heimrich and Frotscher,
1991; Seress and Frotscher, 1990: Seress and Mrzljak, 1987). Like pyramidal cells, they,
too, bear a specific arrangement of spines on their dendrites (Lorente de No, 1934; Seress
and Frotscher, 1990). Unlike the granule cells of the rodent hippocampus, axo-somatic
synapses and somatic spines on human granule cells are rare to absent, and the proximal
portion of the apical dendrites are relatively bare of spines (Seress, personal
communication; Bundman and Gall, 1991; Frotscher and Zimmer, 1983; Laatsch and
Cowan, 1966). However, as the degree of dendritic branching increases and the secondary
and tertiary branches spread through the second two-thirds of the molecular layer (width of
human molecular layer 500 pm - 800 pm) of the human, spines become more densely
packed presumably to accommodate the large number of perforant pathway terminals
entering the region (Philips and de Lanerolle, unpublished data).
The granule cells have morphologically fine unmyelinated axons (0.5-2.0 pm in
diameter) (Blackstad and Kjaerheim, 1961; Laatsch and Cowan, 1966) and distinct large
terminals, the mossy fiber terminals (Ramon y Cajal, 1911), whose anatomical relations,
including their band-like distribution or lamellar organization (Amaral and Eitter, 1989),
and physiology have been extensively studied in nonhuman mammals as well as in human
hippocampi. These project to the hilar intemeurons and to the CA3 pyramidal cells (Amaral
and Witter, 1989; Ishizuka et al, 1990) (Figure lb). The axons give rise to an average of 7
axon collaterals, studded with varicosities (en passant boutons), which further divide into
secondary and tertiary branches forming an extensive collateral plexus in the hilus (Amaral
et al, 1991; Claiborne et al, 1986). With a diameter of up to 5 pm, a single mossy fiber
terminal may make asymmetric synapses onto several dendritic spines or small dendritic
processes of a variety of intemeurons in the hilus (Amaral, 1979: Amaral and Dent, 1981;
Blackstad and Kjaerheim, 1961; Claiborne et al, 1986; Hamlyn, 1962; Robak and
Peterson, 1991). The mossy fiber terminals are physiologically excitatory terminals and
cause excitatory postsynaptic potentials (EPSP’S) of their target cells in the hilus and in the
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region of CA3 (Cotman et al, 1986; Scharfman and Schwartzkroin, 1988a; Scharfman et
al, 1990). Scharfman's (1990) simultaneous intracellular recordings from granule cells and
hilar intemeurons demonstrated that granule cell stimulation leads to depolarizing potentials
(EPSP's) in these intemeurons. Furthermore tetanic stimulation of the mossy fibers
induced a non-NMDA receptor type mediated increase in the synaptic efficacy, indicating
evidence of LTP induction (Brown and Zador, 1990).
The pyramidal cells are the principal neurons of the archicortex of the hippocampus
proper. Their cell bodies, measuring about 30 |im by 50 |im, are arranged in a curved
sheet throughout the layer called the stratum pyramidale (Brown and Zador, 1990). They
send thick apical dendrites, covered with "thorny excrescences" or spines, to the stratum
lacunosum-moleculare via the stratum radiatum, and their basal dendrites, also densely
covered with spines, fan out to form the stratum oriens (Lorente de No, 1934; Gaiarsa et
al, 1992). There are morphological variations among pyramidal cells as one moves from
the CA3 region to the CA1 region towards the subiculum (Amaral, 1978).
The projection from the CA3 pyramidal cells to the CA2 and CA1 pyramidal cell
regions, now named the Schaffer collateral pathway, was first described using the classical
Golgi method of neuronal staining by Schaffer in 1892. Ramon y Cajal (1893) and
Lorente de No (1911) confirmed these observations. The terminals of these axons have
round vesicles and make asymmetric contacts onto dendritic spines of the CA1 and CA2
pyramidal cells. The anatomic characteristics of their terminals types (Peters et al, 1991)
and the extensive physiology studied on this easily identified pathway system are consistent
with their excitatory nature (Brown and Zador, 1990). One proof of their excitatory nature
has been the evidence of NMDA subtype of glutamate receptor-controlled induction of LTP
in this system (Collingridge, and Bliss, 1987). The development of novel anterograde and
retrograde tracers, like HRP, PHA-L, Dil, etc., has enabled scientists to elucidate the
subtleties of the topographical organization of CA3 pyramidal cell intrahippocampal
projections (Amaral and Witter, 1989; Ishizuka et al, 1990),. However their discussion

extends beyond the scope of this thesis. There are no projections from the CA1 pyramidal
cells back to the CA3 cells, nor reciprocal connections from the subiculum to CA1. In fact,
there are no reciprocal connections from CA3 back to the granule cells despite the extent of
the mossy fiber input to CA3 (Amaral and Insausti, 1990). Electrical stimulation of the
granule cell dendrites will activate CA3 pyramidal cells (Andersen et al, 1971) which
proceed to cause depolarization in CA1 (Figure lb). CA1 has a topographically organized
projection system to the subiculum which transfers synaptic information to the entorhinal
cortex (Amaral et al, 1991; Amaral and Witter, 1989). This predominantly unidirectional
flow of synaptic information through the hippocampus indicates an important correlation
between the normal anatomy and functioning of the hippocampus.
Lorente de No also described a variety of interneuronal cell types (a review of these
can be found in Amaral, 1987) interspersed and communicating with the pyramidal cells,
however a discussion of these cells is beyond the scope of this paper. Instead the hilar
intemeurons of the dentate gyrus will be the focus of this next section.
In the human hippocampus there are relatively few intemeurons in the granule cell
layer or in the molecular layer, and most of the local circuit neurons process incoming
information via granule cells. The most well-known and studied cells of the hilus are the
mossy cells, the intemeurons that receive many synapses from the granule cell mossy fiber
collaterals. Golgi studies of rodent and primate mossy cells reveal few phylogenetic
differences, although they have demonstrated distinct morphological characteristics as
compared to other hilar interneurons (Amaral, 1978; Frotscher et al, 1991; Ribak et al,
1985). Using light and electronmicroscopic techniques, Ribak et al (1985) characterized
these unique cells as having: (1) triangular-shaped cell body; (2) several primary dendrites
bifurcating to form an extensive dendritic tree within the hilus; (3) somata and proximal
dendrites covered in thorny excrescences; and (4) fimbria and molecular layer directed
axons. Furthermore they demonstrated mossy fiber-like terminals of the granule cells
making large asymmetric synapses onto the thorny excrescences of the somata and
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proximal dendrites indicating the dominant influence granule cells have over these hilar
intemeurons (Frotscher et al, 1991; Ribak et al, 1985). Recent physiological data support
these anatomical findings and suggest these cells may be excitatory neurons (Scharfman
and Schwartzkroin, 1988a; Scharfman et al, 1990). It has been postulated that the role
mossy cells may play is to regulate incoming information via the granule cells by activating
local inhibitory interneurons (Ribak et al, 1985; Scharfman et al, 1990; Sloviter; 1987).
The mossy cells are an example of the many types of hilar intemeurons which play
a major regulatory role in the transmission of synaptic information within the hippocampal
formation. Many of these intemeurons have been well characterized anatomically,
(Amaral, 1987; Babb et al, 1988; Blackstad, 1963; Kunkel et al, 1988; Ribak and Seress,
1983; Seress and Mrzljak, 1992) electrophysiologically. (Scharfman and Schwartzkroin,
1988a; Scharfman et al, 1990), and neurochemically (Amaral et al, 1988; Bakst et al, 1985;
Holm et al, 1992; Kohler et al, 1987; Kosaka et al, 1988; Milner and Bacon, 1989a; Milner
and Bacon, 1989b; Sloviter and Nilaver, 1987) in a variety of animals including the human
(de Lanerolle et al, 1989; de Lanerolle et al, 1992b; Babb et al, 1989; Del Fiacco and
Quartu, 1989; Green and Mesulam, 1988; Sloviter et al, 1991). The interactions of the
many intemeuronal cell types in the hilus is of central importance in the functioning of the
normal hippocampus as well as in the hyperexcitability of the epileptic hippocampus.

Hippocampal Pathology
The distinct anatomy and physiology of the hippocampus has intrigued
neuroanatomists for centuries, and it has provided scientists with a model system to
examine in detail the structural and functional relationships of intemeuronal connectivity. It
also provides a model to investigate the alterations of those functional relationships in the
setting of not only normal plasticity but of neurologic disease as well. Pathologic changes
and reorganization of neural elements have been observed in certain disease states of the
human hippocampus, including epilepsy. Neuronal cell loss in the entorhinal cortex,
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subiculum, and CA fields has been observed in patient's with Huntington's disease (Braak
and Braak, 1992) and in ischemia-related events (Cummings et al, 1984), while
hippocampal atrophy and gliosis are often pathological consequences of certain viral
encephalitities (Ishii et al, 1977). Alzheimer's disease appears to induce significant
changes in the hippocampal formation, and patients with this disease demonstrate extensive
neurofibrillary tangles, loss of specific neuronal populations, and changes in peptideimmunoreactive staining patterns throughout the hippocampal formation (Chan-Palay,
1987; Kulmala, 1985; Davies et al, 1980, Morrison et al, 1985; Nakamura and Vincent,
1986; Wilcock and Esiri, 1982; Green et al, 1989).
Historical perspective
Patients suffering from intractable temporal lobe epilepsy with classic hippocampal
sclerosis show distinct alterations in the anatomy and physiology of neurons and the
neuronal circuitry, similar to those changes observed in the animal models discussed
above. Anatomical changes in the hippocampi of epileptic patients were first recorded over
one hundred fifty years ago. Bouchet and Cazauvieilh (1825) noted a gross "palpable
injury" of hippocampi from patients with epilepsy (Spencer and Inserni, 1991), while
Sommer's histological findings 55 years later demonstrated significant pyramidal cell loss
and associated gliosis in post-mortem hippocampi of patients with seizures (1880).
Stauder, in 1936 compared post-mortem hippocampi from patients with temporal lobe
epilepsy and reported that a significantly greater number of these epilepsy patients had
considerable pyramidal cell loss when compared to controls. He labeled this condition
"Ammon's horn sclerosis", and he suggested hippocampal sclerosis was the cause of the
seizures, not the consequence of seizures (Babb and Pretorius, 1993).
The improvement in extra- and intracranial EEG localization of a seizure focus by
Bailey and Gibbs (1951) and the development of the en bloc method for anterior temporal
lobectomy with hippocampectomy for the successful treatment of medically intractable
temporal lobe epilepsy by Murray Falconer (1950) (mesial temporal sclerosis as coined by

Falconer) opened new vistas for the investigation of the complex anatomical and
physiological factors of a seizure focus (Bruton, 1988; Spencer and Inserni, 1991). By
1954 it was well known that many of the resected hippocampi from temporal lobe epileptics
were hardened and sclerotic (Meyer, Falconer, and Beck, 1954). Margerison and Corsellis
(1966) further elucidated a specific pattern of cell loss with associated fibrous gliosis in the
dentate gyrus and the CA fields, noting a significant loss in CA1 as compared to the
subiculum and entorhinal cortex which appeared relatively spared. Spencer (1987), Bruton
(1988), and Brown (1973) have supported those findings of Margerison and Corsellis
(1966) and noted that hippocampal sclerosis was the most common lesion found (49.3%,
85%, and 65% of all lesions respectively) in patients who underwent temporal lobectomies
for intractable seizures. The most convincing evidence of the association connecting mesial
temporal sclerosis with medically intractable epilepsy stems from the well-documented
success rate (79%-94%) of seizure frequency reduction by the resection of a sclerotic
hippocampus (Falconer et al, 1964; Meyer et al, 1954; Bruton, 1988; Spencer, S.S., 1981;
Spencer, D.D., 1984; Spencer, D.D., 1993).
It must be noted here that the second most common finding in temporal lobes
surgically resected for intractable seizures are extra-hippocampal/intra-temporal lobe mass
lesions, and that removal of these tumors (low grade gliomas, hamartomas, and vascular
malformations) and complete or partial sparing of the hippocampus results in reduced
frequency or total absence of seizures (Spencer et al, 1984; Babb and Brown, 1986;
Bruton, 1988). Kim et al. (1990) at Yale reported a significant reduction (35% to 50%) in
hippocampal cell counts of mesial temporal sclerosis patients when compared to the
hippocampi of patients with temporal lobe tumors (Bruton, 1988; Kim et al, 1990; Falconer
et al, 1964; Fried et al, 1992). Furthermore, the organizational changes that occur in the
setting of mesial temporal sclerosis are not found in these tumor-associated hippocampi,
and their anatomy more closely resembles that of normal autopsy controls (Kim et al, 1990;
de Lanerolle et al, 1989). These differences between the two groups of temporal lobe
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epilepsy patients as well as the "success" of seizure reduction with removal of sclerotic
hippocampi as discussed above indicate that the reorganized hippocampal tissue in the
sclerotic group has the capacity to generate seizures. In this study the group of mesial
temporal sclerosis patients will be referred to as the cryptogenic epilepsy group (CTLE),
while those with temporal lobe tumors will be referred to as the tumor-related temporal lobe
epilepsy (TTLE) group.

Hippocampus: A Seizure Focus
Since Sommer's original report it was believed that the pathological changes were a
result of some insult, and these changes in neural organization induced the epileptiform
activity. The surgical access to these intact resected human hippocampi has allowed for
more careful examination, and thus began the long debate over the sequence of events
involved in establishing and maintaining a seizure focus. In Bruton's study (1988) 81% of
the study group had a significant history of "cerebral insults", and 18% had at least two
predisposing factors. Many cerebral insults, including trauma, metabolic insults, anoxia,
toxins, tumors, and developmental and vascular abnormalities have been suggested as
etiological factors by Bruton and other investigators (Spielmeyer, 1927; Penfield and
Baldwin, 1952), however, the insult most commonly documented in mesial temporal lobe
epilepsy patients is the prolonged febrile convulsion during childhood (Falconer et al,
1964; Bruton et al, 1964). It has been proposed that some sort of metabolic or
anoxic/ischemic event during this initial prolonged febrile seizure leads to an irreversible
alteration of the hippocampal anatomy. Then over an extended period of time during which
the patient remains clinically free of seizures, the damaged area undergoes a reorganization
of its neuronal and glial elements (Meldrum, 1983; Bruton, 1988). It is thought that this
reorganization is integrally related to and involved in the establishment of an epileptiform
discharging lesion . However, many questions still remain concerning the relationship
between the specific changes in sclerotic hippocampi and the establishment of a seizure
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focus there. In addressing these questions, many in vivo animal models have been
developed to try to recreate the conditions of complex partial seizures of focal hippocampal
origin in order to understand the process by which this focus becomes epileptogenic.
Animal models
Kindling is a well documented phenomenon which is believed to induce many of
the mechanisms associated with plasticity and epilepsy in non-human animal models. It is
characterized by a progressively increasing and chronic epileptiform activity in a region of
brain which has undergone repeated subconvulsive electrical or chemical stimuli (AlsonsoDeFlorida and Delgado, 1958; Goddard et al, 1969; Racine, 1978). Like LTP, many
persistent anatomical and physiological changes have been reported in a variety of
mammalian models, and, still, no one change can be identified to explain the mechanism of
kindling. Kindling causes complex partial seizures with secondary generalization in animal
models like those seen in humans with temporal lobe epilepsy. Kindling also reproduces
some of the long-lasting changes (both physiological and anatomical) seen in human
epileptic hippocampi thus providing an invaluable tool in addressing questions of etiology
and pathogenesis of hippocampal epilepsy. For a complete review of kindling and other
animal seizure models refer to Fisher (1989).
The kainic acid (KA) kindling model is of particular relevance to this work. KA is
a potent excitatory analogue of glutamate which is particularly toxic to hippocampal CA
field pyramidal cells (CA1 and CA3 > > CA2) and to hilar interneurons (Nadler et al,
1980). In the landmark study by Tauck and Nadler (1985), KA stimulation of the
hippocampus demonstrated significant hilar interneuronal cell loss and a concomitant
sprouting of recurrent mossy fiber collaterals into the inner molecular layer. Presumably
these recurrent collaterals are synapsing onto dendrites of granule cells and, as mentioned
above, these glutamate-containing mossy fiber terminals are thought to be excitatory in
nature (Faden, 1992; Scharfman and Schwartzkroin, 1988a; Scharfman et al, 1990; Terrian
et al, 1990). Furthermore, intracellular recordings of lesioned rats granule cells in slice
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preparation revealed hyperexcitable activity (multiple population spikes) accompanying
these anatomical alterations (Tauck and Nadler, 1985). More recent studies have supported
the correlation between seizure development (hyperexcitability) and mossy fiber
reorganization (Cronin and Dudek, 1988; de Lanerolle et al, 1992b; Represa et al, 1989:
Sutula et al, 1988; Sutula et al, 1992).
Studies have shown a strong correlation between hippocampal seizures and
selective loss of non-GABAergic, peptide-containing hilar intemeurons in rats. This
strongly suggest that a possible contributing mechanism in a seizure focus for
hyperexcitability is a loss of GABAergic input via a loss of potential regulatory control
interneurons (Babb et al, 1989; Bakst et al, 1986; Sloviter, 1987). Conversely, other
investigators argue that GABA co-localizes with some of these peptides in the interneurons,
and that directly inhibitory GABA-containing cells are actually lost (Kosaka et al, 1985;
Kosaka et al, 1988; Somogyi et al, 1984). In sum, there seems to be an observed loss of
inhibitory intemeuronal input as well as a new potent excitatory input (mossy fiber
collaterals) onto the granule cells rendering them hyperexcitable.
Human condition
The investigation of animal epilepsy models has provided invaluable insight into
relationships that particular cytoarchitectural and molecular changes have with epileptogenic
foci in the hippocampi of patients with mesial temporal sclerosis (de Lanerolle et al, In
press; Spencer and Inserni, 1991; Spencer, 1991, Babb et all, 1989; Babb et al, 1991;
Robbins et al, 1991; Houser et al, 1990; Leranth and de Lanerolle, 1991; Sundaresan,
1990; Sutula et al, 1989; Green et al, 1989; de Lanerolle et al, 1989). Invasive,
intracerebral monitoring and limited surgical en bloc resections have provided a unique
opportunity to study epilepsy in the human hippocampus.
Many of the above changes seen in animals with epilepsy have also been observed
in epileptic human hippocampi. As discussed above, Bruton's work (1988) and others
demonstrated intemeuronal cell loss from the hilus. This loss is also seen in the work of
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Sloviter's (1987) rat model. The mossy fiber collaterals in hippocampi from CTLE patients
show reorganization similar to those mossy fiber collaterals of the KA-treated rats (Babb et
al, 1991; Cascino et al, 1988; Sutula et al, 1989). Using the Timm histochemical method
investigators have demonstrated sprouting of mossy fiber collaterals into the supragranular
layer of the inner molecular layer, indicating a potent and recurrent excitation driving the
granule cells (Babb et al, 1991; Cascino et al, 1988; Sutula et al, 1989).
Immunohistochemical studies on human tissue support the presence of this reorganization.
These studies have displayed dynorphin-like immunoreactivity (DYNLI), normally present
only in mossy fibers and their terminals in the hilus (Gall, 1988), in a band-like distribution
in the supragranular region of the inner molecular layer (de Lanerolle et al, 1989; Houser et
al, 1990). Other changes in the distribution and the synaptic organization of peptideimmuoreactive profiles and peptide-immunoreactive hilar intemeurons in animal models
have often echoed those of sclerotic hippocampi from patients with temporal lobe epilepsy.

Peptide

Systems

Characteristic patterns of distribution of several neuroactive peptides in the human
hippocampus as well as other mammalian hippocampi indicate that neuromodulators play
an integral role in processing synaptic information in the hippocampus (Amaral and
Campbell, 1986; Amaral and Insausti, 1990; Bakst et al, 1985; Sloviter and Nilaver, 1987;
Holm et al, 1992). Using immunocytochemical techniques, specific peptide systems,
including dynorphin (DYN) (de Lanerolle et al, 1989; Houser et al, 1990; Sutula, 1990);
neuropeptide Y (NPY) (Chan-Palay, et al, 1986, de Lanerolle et al, 1989); substance P
(SP) (de Lanerolle et al, 1991; Leranth and de Lanerolle, 1991; Philips et al, 1992);
vasoactive intestinal peptide (VIP) (Robbins et al, 1987; de Lanerolle et al, In press);
cholecystokinin (CCK) (Beinfeld, 1983; Robbins et al, 1987; Sundaresan, 1990);
enkephalin (ENK) (Kulmala, 1985); and somatostatin (SOM) (Amaral et al, 1988; ChanPalay, 1987; de Lanerolle et al, 1989), have been demonstrated to have characteristic

staining patterns in the human hippocampus. Reorganization with respect to the density
and distribution of some of these peptide-immunoreactive neural elements have been
observed in the sclerotic hippocampi of patients with medically intractable temporal lobe
epilepsy (TLE) (de Lanerolle et al, 1992a; de Lanerolle et al, 1991; de Lanerolle et al, 1990;
de Lanerolle et al, 1989; Houser et al, 1991; Philips et al, 1991; Philips et al, 1992).
Presently it is not well understood whether this reorganization in the hippocampi of patients
with TLE results from or contributes to the focus of hyperexcitability in the hippocampus.
Somatostatin
One neuromodulator which displays significant and selective changes in
hippocampi of patients with mesial temporal sclerosis is the neuropeptide, somatostatin
(SOM). It was originally isolated from hypothalamic preparations, where it was shown to
inhibit growth hormone release (Brazeau et al, 1973), and recent studies suggest that it is
an inhibitory neuropeptide. Immunocytochemical studies of both human and animal
models have revealed co-localization of SOM with inhibitory peptide, NPY (Kohler et al,
1987; Chan-Palay, 1987) and the inhibitory amino acid GABA (Somogyi et al, 1984;
Kosaka et al, 1988; Leranth and Frotscher, 1987) in hilar intemeurons. Some
electrophysiologic data indicate that SOM acts as an inhibitory neuropeptide as it
hyperpolarizes CA1 pyramidal cells via a reduction of Ca2+ influx or an increase in K+
efflux (Pittman and Siggins, 1981; Scharfman and Schwartzkroin, 1988b; Robbins et al,
1991). Other data suggest that it may also be excitatory in the hippocampus as it enhances
LTP in the mossy fiber-CA3 pathway via cholinergic and noradrenergic neurons (Matsuoka
et al, 1991). It also has been demonstrated to depolarize pyramidal cells via a potent
presynaptic inhibitory action on GABA-mediated synaptic potentials (Scharfman and
Schwartzkroin, 1988b; Scharfman and Schwartzkroin, 1989).
The distribution of SOMLI neural elements has been well described in the normal
non-human primate as well as the human hippocampus on the light microscopic level
(Amaral and Campbell, 1986; Bakst et al, 1985; Chan-Palay, 1987; Amaral et al, 1988; de

Lanerolle et al, 1989; de Lanerolle et al 1992a). In the non-epileptic human dentate gyrus
the majority of somatostatin-like immunoreactivity (SOMLI) interneurons are present with a
dense plexus of SOMLI fibers in the subgranular polymorphic zone of the hilus. Some
SOMLI neurons are also present in the deeper hilar area. The most prominently stained
area of SOMLI fibers lies in the outer two-thirds of the molecular layer, while the inner
third of the molecular layer has relatively less SOMLI staining (Amaral et al, 1988; ChanPalay, 1987).
In rat seizure models, there is a selective loss of SOMLI hilar intemeurons with an
accompanying decrease in the SOMLI profiles in the outer molecular layer (Bakst et al,
1986; Sloviter, 1987). In patients with mesial temporal sclerosis there also appears to be a
selective loss of these SOMLI hilar intemeurons, but an apparent sprouting of SOMLI
fibers throughout the entire molecular layer, de Lanerolle et al (1989) suggest that this
sprouting may be an attempt at reducing the hyperexcitability documented, via intracellular
recordings, in CTLE granule cells in human hippocampal slice preparations (Masukawa et
al, 1989; Williamson et al, 1990). Robbins et al (1991) demonstrate a further alteration of
the SOM system with an upregulation of SOM receptors in the inner molecular area, the
same region of SOMLI profile sprouting (de Lanerolle et al, 1989). Preliminary data on
comparing the ultrastructure of the SOMLI system in the normal human hippocampi to
epileptic hippocampi have revealed distinct changes in the SOMLI synaptic circuitry in each
region of the dentate gyrus (de Lanerolle et al, 1992a; de Lanerolle et al, in press; Philips et
al, 1991; Philips et al, 1992).
Neuropeptide Y
Neuropeptide Y (NPY), a 36 amino acid neuropeptide, is a member of the family of
inhibitory polypeptides originally isolated from the mammalian pancreas called the
pancreatic polypeptides (Emson and De Quidt, 1984; Tatemoto, 1982). It may be the most
abundant peptide in the CNS and is distributed throughout most regions of the brain of
both non-human mammals (Chronwall et al, 1985; Deller and Leranth, 1990; Holm et al,

1992; Nakagawa et al, 1985) and humans (Adrian et al, 1983; Chan-Palay and Yasargil,
1986; Dawbarn et al, 1984). NPY distribution has also been well studied in the non¬
human and human hippocampi (Amaral and Campbell, 1986; Chan-Palay, 1989; ChanPalay et al, 1986a; Chan-Palay et al, 1986b; de Lanerolle et al, 1989; Deller and Leranth,
1990; Holm et al, 1992; Kohler et al, 1986; Kohler et al, 1987; Lotstra et al, 1989; Milner
and Veznedaroglu, 1992), where it has been shown to act as an inhibitor of excitatory
synaptic transmission (Colmers et al, 1988; Haas et al, 1987; Kombian and Comers, 1992;
McQuiston and Colmers, 1992). Most of the electrophysiology of NPY in the
hippocampus (in slice preparations) has demonstrated inhibitory regulation of non-NMDA
glutamatergic synaptic transmission of CA1 pyramidal cells by modulating a Ca2+ influx at
presynaptic Y2 receptors (Colmers et al, 1988; Colmers et al, 1991; Haas et al, 1987;
Kombian and Colmers, 1992; Li and Hexum, 1991). Further work has suggested NPY
also has inhibitory effects on the mossy fiber system as McQuiston and Colmers (1992)
demonstrated a greater than 50% reduction in the evoked mossy fiber excitatory
postsynaptic currents. Other possibilities of NPY's action suggest some postsynaptic
regulation. In a brief report by Allen et al (1985), they observed depolarization and
excitation of granule cells when NPY was applied to rat hippocampal slice preparations.
In the dentate gyrus the distribution of NPY-like immunoreactive (NPYLI) neurons
and profiles shows remarkable similarities among mammalian species (Holm et al, 1992;
Kohler et al, 1986). The NPYLI interneurons in normal humans and non-human animal
models have a variety of shapes and sizes, and they most resemble those polymorphic
SOMLI intemeurons. In fact, both NPY and SOM have been shown to co-localize the hilar
intemeurons in the rat and human (Chan-Palay, 1987; Kohler et al, 1987). Unlike the rat
models, both the human and the domestic pig have a considerably more elaborate NPYLI
fiber network in the hilus (Chan-Palay et al, 1986a; de Lanerolle et al, 1989; Holm et al,
1992; Lotstra et al, 1989). This dense NPYLI plexus is made up mostly of long and
varicose axons. Finally in all species few varicose NPYLI profiles are observed in the

inner molecular layer, while a dense plexus of these axon-like processes fill the outer
molecular layer (Chan-Palay et al, 1986a; de Lanerolle et al, 1989; Holm et al, 1992;
Kohler et al, 1986; Lotstra et al, 1989). Ultrastructural studies of the rat dentate gyrus
(Milner and Veznedaroglu, 1992) and preliminary studies of the human dentate gyrus
(Philips et al, 1992) reveal similarities.
In patients with mesial temporal sclerosis there is a specific loss of NPYLI hilar
interneurons concomitantly with the loss of SOMLI intemeuron. Like the SOMLI system,
a reduction in the hilar NPYLI interneurons accompanies sprouting of NPYLI fibers into
the molecular layer (de Lanerolle et al, 1989).

Substance P
Compared to the ubiquitous nature of NPY in the CNS, the undecapeptide,
substance P (SP), has a more uneven distribution (Ljungdahl et al, 1978). SP is an
excitatory neuropeptide which acts by both enhancing the slowly inactivating, high
threshold Ca2+ current and suppressing a voltage-sensitive K+ conductance (Murase et al,
1986; Stanfield et al, 1985; Velimirovic et al, 1991). SPLI intemeurons of variable
morphologies populate the hilus in relatively the same frequency as SOMLI and NPYLI
intemeurons. In most regions of the human hilus SPLI interneuronal cell bodies can be
found, although there is a definite increased concentration of them in more peripheral areas
(ie. closer to the granule cell layer) (de Lanerolle et al, 1992a; de Lanerolle et al, in press;
Del Fiacco and Quartu, 1989; Sakamoto et al, 1987).
Unlike NPY and SOM, there is considerable species variability in the distribution of
SP-like immunoreactive (SPLI) profiles in the dentate gyrus (Amaral and Campbell, 1986;
Davies and Kohler, 1985; Del Fiacco and Quartu, 1989; Gall and Selawski, 1984; Vincent
et al, 1981; Vincent, S.R. McGeer, E.G., 1981). In the non-human primate and human
hilus there exists a network of SPLI fibers. The fiber density remains relatively uniform
until the subgranular region where a dense plexus of SPLI fibers forms following the
contour of the granule cell layer. There is another dense plexus of SPLI varicose axon-like

fibers in the supragranular region of the inner molecular layer. The middle third of the
molecular layer has relatively less staining, but the outer half of the molecular layer contains
another dense plexus of SPLI varicose fibers (Amaral and Campbell, 1986; de Lanerolle et
al, 1991; Del Fiacco and Quartu, 1989; Sakamoto et al, 1987).
Recent work on CTLE hippocampi has revealed a significant SPLI hilar
interneuronal cell loss accompanying the loss of the above mentioned peptide-containing
interneurons. With this loss of interneurons, the dense subgranular SPLI fiber plexus
disappears while the two plexi in the molecular layer remain.
The availability of freshly resected and well-preserved human hippocampi through
the Yale surgical epilepsy program has provided an invaluable opportunity to be the first to
chart both the normal and reorganized hippocampal neuroanatomy on an
electronmicroscopic level. The aim of this project is twofold: (1) to ultrastructurally
identify the morphological characteristics of SOMLI, NPYLI, and SPLI profiles in the
control cases; (2) to determine how some of the changes of the SOMLI, NPYLI, and SPLI
neural elements observed at the light microscopic level relate to the synaptic organization
and the neural circuitry of the SOMLI, NPYLI, and SPLI systems in the remodelled
sclerotic hippocampi of patients with TLE.
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MATERIALS AND METHODS

Patient Selection
Sixteen patients, referred to the Yale New Haven Hospital/West Haven V.A.
epilepsy program were chosen as candidates for a unilateral en bloc resection of the anterior
temporal neocortex and hippocampus after undergoing an extensive phased evaluation of
their medically intractable epilepsy. These patients were divided up into 2 different groups.
The first group, designated as the cryptogenic temporal lobe epilepsy group (CTLE), had
no grossly identifiable evidence of a mass lesion by magnetic resonance imaging or
computed tomography. However, depth electrode studies displayed significant
epileptogenic activity originating from one hippocampus in each of these patients. Also,
gross inspection of these specimens revealed shrunken, sclerotic hippocampi with
significant neuronal cell loss throughout the granule cell layer and Ammon's hom. The
CTLE group consisted of 4 men and 4 women with a mean age of 28.8 ± 2.4 years. The
second group had normal appearing hippocampi associated with identifiable
extrahippocampal temporal lobe masses (he. low grade gliomas, hamartomas, or vascular
lesions).The tumor-associated temporal lobe epilepsy group (TTLE) consisted of 6 men
and 2 women with a mean age of 34.9 ± 2.5 years. Removal of these lesions resulted in
good seizure control. All the human tissue was provided by Dr. Dennis D. Spencer, Chief
of the Section of Neurosurgery, at Yale University School of Medicine. Patient consent
and approval of these studies were obtained as per Dr. Dennis D. Spencer and the Yale
University School of Medicine Human Investigation Committee protocol (#3581).

Fixation and Tissue Preparation
Except for the re-embedding of the tissue in Epon, the cutting of thin sections on
the LKB Ultrotome III, and the copper grid mounting, the entire project, including the
tissue collection, immunostaining, processing, electron microscopic analysis, and electron

microcopic photography, was performed by the primary investigator, Matthew Frank
Philips. The hippocampi were surgically removed en bloc and cut into 5mm-thick coronal
sections in the operating room. A 5mm-thick block was then immediately fixed by
immersion in Zamboni's solution (2% paraformaldehyde and 2% picric acid in phosphate
buffer at pH 7.4) for 10 - 15 minutes. The tissue block was then transferred into 5%
acrolein in phosphate buffer (pH 7.4) and fixed for about 3 hours. After several rinses in
0.1M phosphate buffer (pH 7.4) the tissue block was embedded in 5% agar (with 0.3%
Borax) for Vibratome sectioning in the coronal plane. Nine to fifteen 50p.m tissue sections
were cut for immunocytochemistry and preparation for electron microscopy, and the rest of
the tissue block was cut, immunostained, and prepared for light microscopy.

Antiserum
Somatostatin
Tissue sections were stained using a monoclonal anti-SOM antibody,
antisomatostatin-28 (code S309) (courtesy of Dr. Robert Benoit, Montreal, Canada), at a
1:6000 dilution. The antiserum was generated in rabbit against the first 14 amino acids of
SOM-28, and it has a slight cross-reactivity (10%) to the dodecapeptide SOM-28(l-12)
(Bakst et al, 1985).
Neuropeptide

Y

The peptide was localized using polyclonal antibodies (Peninsula Laboratories,
Belmont, CA; Lot No. 015575-4) generated in rabbit against porcine NPY. The anti-NPY
antibody was diluted in a 1:4000 dilution in phosphate buffer (pH 7.4). This antiserum has
a high specificity and a weak cross-reactivity with other peptides related to NPY (pancreatic
polypeptide and peptide YY). Antibody and tissue specificity controls have previously
been demonstrated (de Lanerolle et al, 1989).
Substance P
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SPLI profiles were stained by reacting free-floating tissue sections with a
monoclonal antibody to the peptide (Incstar Corp.; Lot No. 9113031). The peptide was
diluted at 1:2000 in phosphate buffer (pH 7.4). Anti-SP antibody specificity controls have
previously been demonstrated (de Lanerolle and LaMotte, 1983).

Peroxidase

Immunocytochemistry

The tissue was immunostained via the avidin-biotin technique of Hsu et al (1981).
The following is a brief summary of the procedure. 50pm free floating sections were
incubated in 0.01% Triton X-100 in phosphate buffer (pH 7.4) for 30 minutes. The tissue
sections were then incubated in primary antibody to SOM (1:6000 dilution), NPY (1:4000
dilution), SP (1:2000) in a 0.1M phosphate buffer solution containing 4% normal goat
serum and 0.1% azide for 48 hours at 4° C. After several rinses in buffer, the tissue
sections were incubated in biotinylated goat anti-rabbit IgG (Vector Laboratories) diluted to
1:250 in 0.1M phosphate buffer (pH 7.4) for 1 hour at room temperature. The vectastain
ABC reagent was then conjugated to the tissue-bound biotinylated antibody for 1 hour, and
the reaction product was then visualized by incubating the sections at room temperature in
0.05% 3,3’ diaminobenzidine (DAB, Polysciences) and 0.00165% H2O2 in 0.1M Tris
buffer (pH 7.4) for 20 minutes.
At this point a select number of sections (6 per peptide) from the same tissue block
which were concomitantly immunostained with those sections marked for electron
microscopy were mounted on subbed slides, counter-stained with cresyl violet,
dehydrated, and cover-slipped for light microscopic observations. The plots in figure 2
represent peptide-immunostained cells in coronal hippocampal sections which were
generated by Dr. de Lanerolle by using an MDI microscope digitizer (Minnesota
Datametrics Corporation) attached to an Olympus light microscope and an X-Y computer
plotter.

Preparation for Electron Microscopy
After DAB visualization and several rinses in buffer, the sections were placed in
flat-bottomed aluminum pans and post-fixed in a 1%
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solution in 0.1M PB for 45 minutes at room temperature. The tissue was then counterstained in 1% uranyl acetate (in 70% ethyl alcohol) for 1 hour and dehydrated in increasing
concentrations of ethyl alcohol. The sections sat in a 50% Epon and 50% propylene oxide
mixture overnight and then transferred into 100% Epon for 4 hours. The sections were
flat-mounted onto "quick-release"-coated slides, coverslipped, and heated for 48 hours at
56° C. The prepared tissue sections were reviewed by light microscopy, and areas in the
dentate gyrus were chosen for trimming and re-embedding. A 1 by 2mm rectangular
section, including the entire granule cell layer, the entire molecular layer to the hippocampal
fissure, and a 400 to 800jim portion of the sub-granular polymorphic region, was removed
under a dissecting microscope from three 50(im specimens (one 50|am section
immunostained for SOM, one for NPY, and one for SP) per hippocampus. The tissue
piece was then drop-mounted on a glass slide and re-embedded in Epon in a BEEM capsule
directly on the glass slide. After incubating at 56° C for 48 hours, the polymerized block
was trimmed with a razor blade, and semi-thin (5-7|im) sections were cut by a diamond
knife for observation on a glass slide by light microscopy. Fifteen to forty ultrathin
sections (l|4m) per 50p.m section were cut on an LKB Ultrotome III and mounted onto
Formvar-coated single-slot copper grids. After counter-staining the grids with lead citrate
for optimal tissue contrast they were examined and photographed on a Jeol 1200 EX2
electron microscope.
Hippocampi from all sixteen patients were immunostained for the three peptides,
and the stained ultrathin sections were examined under the electron microscope in a
systematic fashion. In short, the system of examining the grids began with identification of
the granule cell layer for orientation purposes. The outer molecular layer was next
identified by the presence of the myelinated perforant pathway axons. Then, starting at the
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deepest portion of the hilus, the grid was scanned from one side to the other while moving
slowly up through the layers until the far end of the outer molecular layer was reached.
The scanning was routinely done at 10,000 times magnification, and both higher and lower
magnifications were used to identify and photograph labeled or unlabeled areas of neuropil.
There were two sections per grid on the average, and examination of an entire grid took 16
to 40 hours to complete depending on the quality of the tissue, degree of immunostained
reaction product, and the peptide in question.

Quantitative Analysis
Tissue immunostained for all sixteen patients was examined. Fifteen of these
provided information contained in this study. Although not all the tissue sections were
photographed, findings in all of the fifteen patients contributed to the results and figures of
this thesis. Immunochemical and anatomical findings were noted to be consistent among
patients in a given group (TTLE versus CTLE). A goniometer stage was used to help
identify labeled and unlabeled axon terminals, and synapses were identified in each layer of
the dentate gyrus by the following criteria: (i) a continuous membrane containing vesicles,
(ii) clearly defined synaptic cleft continuous with a defined dendritic/dendritic spine-like
process, (iii) presence of a pre- and postsynaptic density adjacent to cleft. Classification of
synapses was determined by the following criteria: (i) symmetry of the synapse; (ii) nature
of postsynaptic density (interrupted, perforated, etc.); (iii) average shape and size of
synaptic vesicles, (iv) presence or absence of SOMLI, NPYLI, SPLI substance in the
terminal.

Technical Considerations
The success of ultrastructural studies of the circuitry and anatomy of
neuromodulator systems relies on three factors: (1) the quality of the tissue at the time of
collection; (2) the fixation of the tissue; and (3) the specificity of the

immunohistochemistry. The tissue for this study was collected fresh from the operating
room. Due to anoxia time and tissue degeneration, autopsy tissue does not provide as
distinctive anatomical results. Immediately (1-5 minutes) after resection of the hippocampi
from the medial temporal lobe, the tissue sections were transferred into fixative (Zamboni's
solution). This enabled preservation to begin before the tissue had significant time to break
down. Within 5 minutes from fixation with Zamboni's solution (Stefanini et al, 1967), the
tissue was transferred into a 5% acrolein solution. This latter fixative rapidly penetrates the
tissue and has been found to be best in preserving the ultrastructural anatomy and
neuropeptide antigenicity (de Lanerolle et al, 1989). Tissue sections in this study showed
variability with respect to the quality of ultrastructure, but these differences were attributed
to factors other than fixation (ie: time of hypoxia of the tissue, injury to tissue during
cutting or immunostaining, etc.).
Immunocytochemistry of brain sections has revolutionized neuroanatomy. Using
combined methods of immunocytochemical labeling, including those of Stemberger (1979)
and Hsu et al (1981), specific neuropeptide-containing elements can be identified on light
microscopy. The combination of the specific labeling of peptide-immunoreactive elements
and good preservation of the tissue with acrolein fixation allowed the light microscopic
findings to be a guide to choosing those areas to study under the electron microscope.
Some tissue sections were not as well stained. These problems were attributed to
interference of antibody binding secondary to excess fixative in inappropriately washed
tissue. Only one case was noted to have no staining due to this problem and was excluded
from the study.
Finally, these studies suggest changes in the relative frequency of certain
immunoreactive profiles in the CTLE hippocampus as compared to the TTLE
hippocampus. Due to the time restriction involved and the quantity of tissue needed to be
processed in this study, quantitative counts of the frequency of specific electron
microscopically-observed structures were not as yet performed. This study is a qualitative
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one and differences with regard to the "number", "frequency", or "commonness" of
structures seen in one group versus the other group of patients are considered observations
and not formal quantitative counts. The quantitative differences between these two groups,
especially with regard to terminal frequency, remains as one of the many unanswered
questions regarding this disorder. The investigator of this thesis acknowledges the
importance of this unanswered question.

RESULTS

Light Microscopy
Light microscopic localization of SOMLI, NPYLI, and SPLI perikarya and neurites
in both the TTLE and CTLE dentate gyms coincides with previous light microscopic
studies on human hippocampi (Amaral et al, 1988; Amaral and Campbell, 1986; ChanPalay, 1989; Chan-Palay, 1987; Chan-Palay et al, 1986a; Chan-Palay et al, 1986b; de
Lanerolle et al, 1989; de Lanerolle et al, 1991; de Lanerolle et al, 1992; Del Fiacco and
Quartu, 1989; Sakamoto et al, 1987) and will be summarized only briefly.
Control group (TTLE)
Somatostatin
In the control group (TTLE) SOMLI neuronal cell bodies were found in the hilar
region only. None were observed in either the granule cell layer or the molecular layer. In
the hilus these multipolar SOMLI intemeurons were primarily situated just under the
paucicellular region of the polymorphic layer as described by Amaral et al (1988), although
some cell bodies were observed in the deeper hilar regions (Figure 3a). There seemed to be
several different types of somatostatin-containing interneurons since significant variability
with respect to the size and shape of the SOMLI perikarya was observed. There was no
differential distribution of interneuronal cell bodies between the inferior and superior limbs
of the dentate gyrus. The densest plexus of immunostained profiles was noted in the outer
two thirds of the molecular layer, or the outer molecular layer. The inner molecular layer
had considerably fewer SOMLI processes, and many of those SOMLI fibers observed
there appeared to travel through the granule cell layer into the inner molecular layer (Figure
3a). A criss-crossed network of SOMLI fibers traversed the hilar region, and the least
amount of immunostained material was noted in the granule cell layer.
Neuropeptide Y

NPYLI cell bodies were restricted to the hilar layer and were in the same
distribution as those SOMLI interneurons. As described in previous human hippocampal
studies, multipolar NPYLI neurons were observed mostly under the paucicellular area
though a few were situated in the subgranular region as well as further into the deep hilus
towards the CA3 region (Chan-Palay et al, 1986a; Lotstra et al, 1989). Like the SOMLI
interneurons NPYLI interneurons had a variety of forms. Those closer to the granule cells
appeared to be more spherical, while those deeper in the hilus took on a more stellate or
fusiform appearance (Amaral, 1978). Some NPYLI pyramidal and other basket-like cells
were also observed closer to the granule cell layer. As observed by Chan-Palay et al
(1986a), a dense plexus of long and varicose NPYLI fibers criss-crossed throughout the
hilus, and some were seen to course up through the granule cell layer into the inner
molecular region (Figure 4a). These fibers appear to be highly branching varicose axons.
Many of the NPYLI profiles in the subgranular region and in the inner molecular layer
appeared to be beaded with varicosities. The dendrites ramifying through the hilus
appeared to be generally aspinous. As compared to SOMLI profiles in the inner molecular
layer, NPYLI profiles were more numerous and travelled perpendicular as well as parallel
to the plane of the granule cell dendrites. The greatest density of NPYLI fibers was in the
outer two-thirds of the molecular layer. In this region, it was not uncommon for long
beaded NPYLI profiles to course for several hundred micrometers parallel to the granule
cell layer and then curve down into the inner molecular layer.
Substance P
As reported by other investigators, SPLI intemeurons were found throughout the
hilus in a variety of shapes and sizes, including ovoid; fusiform; pyramidal (interneuron);
bipolar; and stellate (de Lanerolle et al, 1991; Del Fiacco and Quartu, 1989). These SPLI
cells were in the deep hilus although they were more frequent in the more peripheral areas
of the hilus. Few round, multipolar basket-like cells rested adjacent to the granule cell layer
in the paucicellular zone. No spine-like processes appeared to cover these profiles. Like

the NPYLI profiles in the hilus, those SPLI ones formed a criss-crossed network of fibers
with varicosities and punctata along their lengths (Figure 5a). Although they did not appear
to travel the same lengths as those of the NPYLI fibers, they were consistent with axons
and terminals. In the immediate subgranular region and following the contour of the
granule cell layer, there was a dense plexus of these SPLI fibers. Upon closer examination
under light microscopy these punctate fibers passed through the granule cell layer to or
from another dense plexus of SPLI fibers in the immediate supragranular region of the
inner molecular layer. The density of those SPLI fibers actually in the granule cell layer did
not approximate the two plexi on either side of the granule cell layer. In examining the
remainder of the molecular layer from this supragranular plexus to the outer molecular
layer, there was a gradient of SPLI fiber staining. Just past the supragranular band
considerably less SPLI profiles were seen, although there were considerably more SPLI
fibers in this area of the molecular layer than observed in either the SOM- or NPY-stained
tissue. Like SOM and NPY, a dense plexus of SPLI terminal-like processes ramified
through the outer molecular layer.
Cryptogenic group (CTLE)
Somatostatin
As compared to the TTLE group, the CTLE group demonstrated a dramatic loss of
SOMLI, NPYLI, and SPLI interneuronal perikarya from the hilar region (Figure 2).
Associated with this loss of SOMLI neurons there is a significant decrease in the density of
SOMLI fibers in the hilar region. Unlike rats with lesioned hilar interneurons by kainic
acid injections (Bakst et al, 1986), a marked reduction in SOMLI fibers of the outer
molecular layer does not accompany the loss of SOMLI hilar intemeurons in the CTLE
patient. The outer molecular layer retains its dense SOMLI plexus, and there is an increase
in SOMLI fibers throughout the inner molecular layer (Figure 3b). The granule cell layer
remains relatively free of SOMLI profiles.
Neuropeptide Y
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As seen in the SOMLI tissue, there was a pronounced loss of NPYLI intemeurons
throughout all regions of the hilus and concomitant reduction in NPYLI fiber density.
Conversely there was an apparent increase in the density of beaded fibers running parallel
and perpendicular to the dendrites of the granule cells. The fiber staining in the outer
molecular layer remained dense and the anatomy of NPYLI profiles was similar to that of
the inner molecular layer (Figure 4b).
Substance P
There was a specific and significant loss of SPLI intemeurons in the hilus of the
CTLE patients. As with the NPYLI and the SOMLI intemeuronal loss, there was a
concomitant loss of SPLI profiles throughout the hilus. Furthermore, the dense plexus of
SPLI fibers in the immediate subgranular zone also disappeared. Conversely, the
supragranular plexus of SPLI profiles persisted (Figure 5b). Although not as robust as the
sprouting of SOMLI and NPYLI fibers in the inner molecular layer, there appeared to be a
slight increase in the width of this supragranular band of fibers. The SPLI staining in the
plexus in the outer molecular layer remained persisted.

Electron Microscopy
Many of the following peptide-immunoreactive electron microscopic findings in the
control human dentate gyrus are in agreement with those studies previously done in the rat
(Leranth et al, 1990; Milner and Bacon, 1989a; Milner and Veznedaroglu, 1992).
Furthermore, analyses of the unlabeled ultrastructural anatomy of the non-epileptogenic
rodent dentate gyrus has been previously described (Blackstad and Kjaerheim, 1961) and
correlate with the present findings.
Control group:

Hilar Layer

Somatostatin
Somatostatin-like immunoreactive (SOMLI) neurons and processes are found
extending through the hilus and the subgranular zone. SOMLI intemeuronal cell bodies

contained an abundant amount of cytoplasm that was filled with SOMLI reaction product
aggregated to the multiple cisterns of endoplasmic reticulum. The nuclei were unlabeled
(Figure 6a). Somal synapses were not abundant, but the few observed asymmetric
synaptic contacts onto SOMLI intemeuronal cell bodies were from small round vesiclecontaining terminals. No more than one unlabeled terminal synapsed on a SOMLI
perikarya in a given section. SOMLI proximal dendrites contained many mitochondria,
endoplasmic reticulum, and often many dense core vesicles. These proximal SOMLI
dendritic processes in the hilus were postsynaptic to large asymmetric synapses from
unlabeled terminals with large pleiomorphic vesicles (Figure 6b). Some of these terminals
were mossy fiber terminal-like in nature. Smaller/distal SOMLI dendritic processes appear
to have no labeled spines associated with them, and they may contain mitochondria and a
few dense core vesicles. They receive asymmetric synapses from the large terminals
similar to those seen synapsing on the proximal dendrites, and several of these synapsing
terminals often formed glomerular-like arrangements around these labeled dendrites.
SOMLI terminals are also found throughout the hilar region. These small labeled
terminals with small round vesicles made mostly symmetric contacts onto larger unlabeled
dendrites. They, too, participated in glomerular-like arrangements around unlabeled
dendrites with other unlabeled terminals. Some of these glomerular-like arrangements
involved these SOMLI labeled and unlabeled terminals making symmetric synapses onto
SOMLI dendrites (Figure 6c).

Neuropeptide Y
The ultrastructure of the NPYLI cell bodies in the hilus resembled that of the
SOMLI ones. Ovoid unlabeled nuclei with dense chromatin around the nuclear membrane
were surrounded by abundant immunostained cytoplasm. Abundant NPYLI granules in
the distribution of ribosomal complexes on endoplasmic reticulum were identified. Few
somal synapses were observed. Proximal aspinous NPYLI dendrites were filled with
immunoreactive material and received large asymmetric synapses from large, mossy fiber
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terminal-like unlabeled profiles containing large pleiomorphic vesicles (Figure 7a). A few
smaller NPYLI dendritic processes were found and had no synapses onto them.
Substance P
SPLI interneurons are similar in morphology and ultrastructure to those of the other
peptides discussed. Abundant cytoplasm filled with SPLI material along the rough
endoplasmic reticulum contained many mitochondria and Golgi complexes (Figure 8a).
The somata had no spines and they received little synaptic input. Unlike the intemeuronal
somata, the proximal dendrites of the SPLI interneurons received a variety of unlabeled
terminals making asymmetric contacts (Figure 8b). These dendrites did not receive SPLI
terminals, and they were aspinous in nature. The dendrites of the SPLI intemeurons
respected the borders of the hilar area. SPLI terminals were also found in the hilus. In the
deeper areas these small, round vesicle-containing terminals made symmetric contacts onto
small unlabeled dendrites (Figure 8c). There was no apparent relationship to adjacent glial
structures. Just under the granule cell layer, SPLI terminals with small round vesicles
made mostly symmetric synapses with large, unlabeled dendrites which resembled
proximal basal dendrites of granule cells. A few of these terminals were noted to contain
dense core vesicles concomitant with smaller round vesicles.
Granule Cell Layer
Somatostatin
SOMLI dendrites ramifying up through the granule cell layer into the inner
molecular layer (Figure 9a) and sometimes receive terminals with both asymmetric and
symmetric contacts along their entire lengths. No labeled terminals have been found to
make synaptic contact with granule cell somata. A few SOMLI terminals with small round
vesicles are found making contact with the proximal dendrites of granule cells, although the
majority of the granule cell layer is free of SOMLI terminals.
Neuropeptide Y

Small NPYLI processes containing small round vesicles were found adjacent to
granule cell somata and their proximal dendrites in the granule cell layer. Unlike the
SOMLI processes found in this area, these appeared to be axonic or terminals in nature.
Also, unlike the case of somatostatin, occasional small NPYLI terminals densely-packed
with small round vesicles made symmetric synapses with granule cell somata or proximal
dendrites of granule cells in the granule cell layer (Figure 10a). No NPYLI dendritic
processes were observed in this area.
Substance P
SPLI terminals, similar to those seen in the supra- (Figures 15b and 15c) and
subgranular layer (Figure 8c) were found to contact large unlabeled dendrites within the
granule cell layer. These dendrites resemble proximal dendrites of granule cells. Some
SPLI terminals were noted to synapse directly onto granule somata making both symmetric
and asymmetric synapses. There was no evidence of SPLI terminals synapsing with
spines or spine-like apparati. No SPLI dendritic processes were observed in this area.
Inner Molecular Layer
Somatostatin
Large SOMLI dendritic processes can be seen stretching up through the granule cell
layer into the inner molecular layer. They are filled with peroxidase reaction product and
often have mitochondria. The labeled dendrites do not appear to have associated spines, so
multiple unlabeled terminals synapse along the shafts themselves (Figures 11a and 1 lb).
These unlabeled terminals containing pleiomorphic vesicles make mostly asymmetric
synaptic contacts, although a few symmetric contacts are also present (not illustrated). Like
the larger SOMLI dendrites, smaller SOMLI dendritic processes found throughout the inner
molecular layer receive multiple terminals (Figure 1 lc).
In the inner molecular layer relatively few SOMLI terminals were observed
compared to the hilus and the outer molecular layer. Those in the inner molecular layer
were usually noted at one of two areas; the supragranular region around the proximal
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dendrites of the granule cells or at the outer portion of the inner molecular layer where the
density of the myelinated axons of the perforant pathway began to appear. Those terminals
at the border between the granule cell layer and the inner molecular layer were similar to
those observed in the hilus. They were small SOMLI terminals with small round vesicles
making symmetric synapses onto large unlabeled dendrites. Those SOMLI terminals in the
outer portion of the inner molecular layer were somewhat larger than those seen in the
supragranular region. These terminals with small round vesicles were observed to make
either asymmetric, interrupted or symmetric synapses onto small dendritic processes or
dendritic spines and could synapse with more than one dendrite/spine. There were no
observed relationships between SOMLI terminals and glia or their processes.
Neuropeptide Y
In the inner molecular region some NPYLI small terminals with small round
vesicles formed symmetrical synapses with large proximal dendrites of granule cells as well
as with smaller unlabeled dendrites (Figures 12a and 12b). Also present were larger
NPYLI axonic processes (presence of neurofilamentous structure inside the boundaries of
their membranes) with multiple areas of vesicle-containing swellings (terminal structures)
along them (termed axon-terminal complexes) which made symmetric synapses with
several proximal granule cell dendrites as well as other smaller unlabeled dendrites (Figures
13a and 13b). Axon-terminal complexes in the plane perpendicular to the granule cell layer
were observed bridging across and synapsing with several proximal dendrites of granule
cells (Figure 13c). All synapses were symmetrical in nature.
Throughout the entire molecular layer NPYLI axonic processes, terminals, and
axon-terminal complexes are seen. Small NPYLI terminals containing small pleiomorphic
vesicles make asymmetric synapses on unlabeled dendrites travelling up perpendicularly
through the molecular layer. Occasionally these smaller terminals will contact more than
one unlabeled dendrite. Their frequency increases as the outer two-thirds of the molecular
layer are approached. Axon-temiinal complexes were considerably more common closer to

the outer molecular layer. These complexes make large symmetric synapses onto a variety
of sizes of unlabeled dendrites and contain small pleiomorphic vesicles both in the structure
and at the synaptic junction (Figure 14a). These axon-terminal complexes often contacted
dendrites which often received multiple synapses from a variety of unlabeled terminal
types. Neither type of terminal made synaptic contact with any dendritic spine-like
structures. Many long unmyelinated NPYLI axonic processes traversed this area between
the inner and the outer molecular layer and increased in frequency as the outer molecular
layer approached (Figure 14b). Unlike the SOMLI profiles in this area, NPYLI dendrites
were not observed in this area. No distinct glial relationships to NPYLI terminals were
noted.
Substance P
The supragranular region of the TTLE inner molecular layer is densely innervated
by small SPLI terminals making asymmetric contacts onto large unlabeled granule cell-like
proximal dendrites (Figure 15c). These small vesicle-filled terminals synapse directly onto
the dendritic shafts themselves and not onto the dendritic spines (Figure 15b). Further into
the molecular layer, similar SPLI terminals synapse asymmetrically onto one or sometimes
two unlabeled dendritic shafts as well as onto other smaller unlabeled dendrites. In the
border region between the inner and outer molecular layers (often referred to as the middle
molecular layer) unmyelinated SPLI axons with identified neurofilamentous processes
course perpendicular to the granule cell dendrites (Figure 16a). SPLI axons have
intermittent small, round vesicle containing varicosities along their lengths some of which
were observed making symmetric and asymmetric synapses onto small unlabeled dendrites.
These axons increase in frequency towards the outer molecular layer.
Outer Molecular Layer
Somatostatin
The SOMLI terminals in the outer molecular layer resemble those found at the outer
portion of the inner molecular layer. They are larger than those of the hilus and the

supragranular zone, and they contain small round vesicles. They make predominantly
asymmetric (Figure 17c) and interrupted (Figure 17b) synapses on small unlabeled
dendritic processes and spines throughout the entire outer molecular layer, although some
symmetric synapses were noted (Figure 17d). A single terminal may contact one or
multiple dendritic processes. Some small terminals make single symmetric contacts onto
small dendrites. Also, a few myelinated SOMLI axons have been observed in the outer
molecular layer (Figure 17a). SOMLI dendrites were rare in the outer molecular layer.
Neuropeptide Y
The outer molecular layer contains many of the types of profiles seen in the inner
molecular layer but in higher frequency. Among the myelinated fibers of the perforant path
are many small unlabeled dendritic processes, presumably the distal branches of the granule
cell dendrites as well as other dendritic contributions from local circuitry neurons. Many
small terminals are found there terminating on these unlabeled dendrites as are larger axonterminal complexes (Figure 18b). Numerous NPYLI axonic processes were also seen
coursing through this zone (Figure 18a).
Substance P
Small SPLI terminals with small round vesicles were found throughout the entire
outer molecular layer making predominantly asymmetric synapses on small unlabeled
dendrites (Figures 19a and 19d). These terminals were similar in morphology to those
seen throughout the inner portions of the molecular layer. Many unmyelinated axons
coursed through the outer molecular layer, and SPLI myelinated axons were also observed
travelling through this region (Figure 19b).
Cryptogenic group: Hilar layer
Somatostatin
The hilus contained little immunoreactive profiles as compared to that of the control
group. The CTLE SOMLI hilar interneurons observed resembled those of the TTLE
group. They were found in the subgranular polymorphic zone though few were also seen

in the deep hilus. Unstained nuclei were surrounded by cytoplasm entirely filled with
SOMLI reaction product along the endoplasmic reticulum. The few somal synaptic
contacts consisted of unlabeled terminals with pleiomorphic vesicles making asymmetric
synapses onto the soma itself. As in the TTLE group no somal spines were noted. Few
hilar dendritic processes were noted, and they appeared similar to those seen in the TTLE.
The SOMLI terminals in the hilus were sparsely distributed. In the deeper areas the
terminals were small and synapsed onto larger unlabeled dendrites in an asymmetric
fashion (Figure 20a). Unlike the TTLE group, most of the terminals found were in the
immediate subgranular region as much of the deeper hilus was replaced by gliotic elements,
these terminals in the paucicellular sub-granular zone were larger than those of the deeper
hilus. They made symmetric and asymmetric, interrupted synapses on large and small
dendrites. These terminals had similar morphological characteristics to those found in the
molecular layer.
Neuropeptide Y
As mentioned above, the hippocampi, especially the hilar region, of CTLE patients
undergo significant cell loss with gliosis. Much of the normal ultrastructure of the hilar
neuropil is replaced by glial processes. However, there remains some evidence of NPYLI
neuronal cell bodies and profiles in the sclerotic group. The few NPYLI interneurons and
dendrites seen are much the same as those in the TTLE group. They are characterized by
NPYLI ribosomal material along rough endoplasmic reticulum in the cytosol. There is no
evidence of somatic spines or extensive axo-somatic synapses. The dendrites receive
asymmetrical synapses from unlabeled terminals with pleiomorphic vesicles.
Few NPYLI terminals are seen. There are smaller NPYLI terminals making
symmetric contacts along unlabeled dendritic spines or processes and adjacent to many glial
processes (Figure 21a). A few of these terminals are extensions of neurofilamentcontaining axonic processes similar in morphology to the axon-terminal complexes seen in
the TTLE molecular layer.

Substance P
As in the other peptides, the SPLI hilar intemeurons are lost, and the SPLI neurons
remaining are similar in morphology to those observed in the TTLE. Most of the hilar
SPLI profiles also disappear including the dense band of SP staining in the immediate
subgranular zone. Those remaining SPLI profiles were terminals with small round vesicles
making symmetric synapses onto unlabeled shafts of proximal dendrites of granule cells
(Figures 22a, 22b, and 22c).
Inner molecular layer
Somatostatin
Unlike the TTLE group, the inner molecular layer of the cryptogenic group
contained no SOMLI dendrites. However, unlike the TTLE inner molecular layer, many
SOMLI terminals were observed throughout the entire CTLE inner molecular layer (Figure
23). These large immunostained terminals with small pleiomorphic vesicles were often
presynaptic to large, presumably granule cell, proximal dendrites in the supragranular layer
(Figure 23a). They formed mostly large symmetric synapses onto unlabeled dendrites and
contacted both unlabeled dendrites (Figures 23b and 23e) and spines (Figure 23c) in a
given section. They were not in association with astroglial processes. It must be noted that
these large proximal dendrites were postsynaptic to a variety of terminal types including
large, mossy fiber-like terminals. SOMLI terminals were often in close apposition to, but
not in direct contact with, mossy fiber-like terminals. Closer to the outer molecular layer,
the SOMLI terminals were presynaptic to smaller/distal unlabeled dendrites and synapsed
with several dendritic processes in a section. These large SOMLI terminals also shared a
dendritic process with a variety of other unlabeled terminal types. In the more distal
portions of the inner molecular layer the SOMLI terminals synapsed with occasional
asymmetric/interrupted synapses (Figure 23b). SOMLI terminals of the inner molecular
layer were morphologically similar to those observed in the outer molecular layer.
Neuropeptide Y

The granule cell layer displays unique NPYLI profiles. As in the TTLE
hippocampus, few NPYLI terminals were seen synapsing on granule cell somata. In the
CTLE there was a significant increase in the number of unlabeled as well as NPYLI
terminals making contact onto the granule cell somata (Figures 10b and 10c). The NPYLI
terminals were small and densely packed with small pleiomorphic vesicles throughout.
They made symmetric synapses onto the cell body membrane itself and onto spines of
unlabeled dendrites in the granule cell layer (Figures 10b and 10c). The frequency of these
terminals was greatest on the molecular layer side of the granule cell layer versus the hilar
side. Occasionally an axon-terminal complex was observed making a symmetrical synapse
directly onto the granule cell somata itself. As with the other NPYLI profiles, there was no
particular association between the terminals and the glial processes seen in close proximity
to one another.
In the supragranular layer or the inner molecular layer a considerable increase in the
number of small and large NPYLI terminals was reported. There are also a terminal type
not seen in the TTLE molecular layer and concentrated within the inner molecular layer of
the CTLE patient. These large NPYLI terminals with small round vesicles make large
symmetric synapses onto large unlabeled dendrites and spines (Figure 24a). These
dendrites resemble the proximal portions of apical dendrites of granule cells. Although
there are many glial processes surrounding these terminals, there does not appear to be any
distinct organization or relationship with respect to these NPYLI terminals (Figure 24b).
Present along side these larger terminals are smaller NPYLI terminals with the same
morphology as those seen in the molecular layer of the TTLE patient. They are
characterized by asymmetrical synapses onto unlabeled proximal and smaller dendritic
processes and contain small pleiomorphic vesicles (Figure 24c). In the inner molecular
layer they are seen contacting small unlabeled dendritic spines or processes which are
simultaneously contacted by recurrent mossy fiber-like terminals. These small NPYLI
terminals are seen throughout the entire molecular layer as in the TTLE hippocampi. Many

NPYLI axon and axon-terminal complexes are seen ramifying throughout the inner and
outer molecular layer.
Substance P
As in the TTLE patient, the supragranular band of SPLX fibers is terminal in nature.
Terminals similar to those of the TTLE patient contain small round vesicles and synapse
symmetrically and asymmetrically onto large unlabeled proximal dendrites of granule cells
(Figure 25b, 26b, and 26c). Few dense core vesicles were appreciated in some of these
terminal types (Figure 25a and 26c). Furthermore, an increase in SPLI terminals was
observed onto granule cell somata as compared to the TTLE patient. These terminals were
characteristically small with small round vesicles making symmetrical synapses onto the
somata (Figure 26d). Also observed in the supragranular layer of the inner molecular layer
were large SPLI terminals which studded and made symmetrical synapses onto the
unlabeled proximal dendrites of the granule cells (Figure 26a). Throughout the rest of the
inner molecular layer were small SPLI terminals like those seen in the TTLE inner
molecular layer. They were observed as making both symmetric and asymmetric synapses
onto unlabeled dendritic processes. As in the TTLE patient, unmyelinated SPLI axons
were observed at the outer region of the inner molecular layer and throughout the outer
molecular region.
Outer molecular layer
Somatostatin
Unlike the rat model (Bakst et al, 1986) the human outer molecular layer in the
CTLE group did not have an associated decrease of SOMLI profiles with the loss of the
hilar region SOMLI interneurons. Various sizes of SOMLI terminals with small
pleiomorphic vesicles were predominant throughout the entire outer molecular region,
although all were larger than those of the deep hilus. The smaller SOMLI terminals made
asymmetric or interrupted synapses onto small dendritic processes or dendritic spines
(Figure 27b). The larger SOMLI terminals made symmetric synapses onto small dendrites

or spines and would sometimes contact more than one dendritic process in a given section.
As in the outer molecular layer of the TTLE patient myelinated SOMLI axons were also
observed among other unlabeled, myelinated axons of the perforant pathway in the CTLE
outer molecular layer (Figure 27a).
Neuropeptide Y
As seen with the SOMLI processes of the outer molecular layer, there does not
seem to be a significant decrease in the frequency of NPYLI profiles despite the increase of
glial processes. Terminals, axonic processes, and axon-terminal like those of the TTLE
patient are observed throughout. No NPYLI dendrites were observed in the entire
molecular layer of the CTLE hippocampi.
Substance P
As in the outer portion of the inner molecular layer of the TTLE dentate gyrus,
many unmyelinated SPLI axons containing small round vesicles and some dense core
vesicles were observed (Figure 28a). Like the TTLE outer molecular region myelinated
SPLI axons were also seen (Figure 28b). SPLI terminals remained throughout the outer
molecular layer and were found to have small round vesicles. These terminals made
predominantly symmetrical synapses onto small unlabeled dendrites or dendritic spines,
although some asymmetric synapses were observed (Figure 28c).
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DISCUSSION

This study set out to determine the nature of the synaptic reorganization and the
altered neural circuitry in an epileptogenic human hippocampus by describing the normal
ultrastructural anatomy of the SOM, NPY, and SP systems in the human dentate gyrus and
comparing it to the reorganized tissue of hippocampal sclerosis patients. The results of this
investigation establish that 1) specific hippocampal peptide systems undergo selective
changes in their synaptic organization in hippocampi of mesial temporal sclerosis patients;
2) although the peptide systems in the human and non-human hippocampus share many of
the same ultrastructural components, a unique synaptic organization and neural circuitry of
these peptide systems exists in the dentate gyrus of the human hippocampus; and 3) an
alteration of these specific peptide systems may have important functional considerations in
establishing and/or maintaining an epileptogenic focus.

TTLE Versus CTLE

The differences noted between the two study groups provide insights into the
normal circuitry of the human hippocampus, and the specific nature of the reorganization of
these peptide systems suggests a combination of the anatomical, physiological, and
neurotrophic effects of these peptides. The differences between the two groups will be
summarized briefly here for reference, and aspects of comparative anatomy, specific
circuitry alterations, and functional significance will be addressed in the following sections.
Somatostatin
The TTLE hilar SOMLI intemeurons send dendrites into the molecular layer where
they receive unlabeled terminals, possibly even direct perforant pathway input. The
terminals of these cells synapse in the hilus and possibly into the inner molecular layer.
SOMLI terminals synapsing onto SOMLI intemeuron dendrites imply an intricate circuitry

also involving the granule cells. Finally a dense outer molecular layer SOMLI innervation
of granule cell dendrites and other unlabeled dendrites exists (Figure 29). In the CTLE, the
hilar SOMLI interneurons, their dendrites in the molecular layer, and the dense SOMLI
terminal and dendrite network in the hilus is lost. The molecular layer retains its dense
plexus of SOMLI terminals, and there appears to be sprouting of these terminals into the
inner third of the molecular layer (Figure 29).

Neuropeptide Y
Like SOM, NPY intemeurons and fibers occupy the TTLE hilus. No NPYLI
dendrites are seen in the molecular layer, but NPYLI terminals, axons, and large axonterminal complexes are found in the molecular layer. A dense plexus of these three
elements exists in the outer molecular layer (Figure 30). In the CTLE dentate gyrus the
hilar NPYLI cells and profiles are substantially reduced, but the molecular layer NPYLI
axon and terminal plexus remains. Like SOM, sprouting of these terminals, axons, and
axon-terminal complexes occurs into the inner molecular layer and onto the granule cell
somata, themselves (Figure 30).

Substance P
In the TTLE hilus the SPLI intemeurons provide a dense terminal plexus just under
the granule cell layer. These terminals are in direct contact with proximal basal dendrites of
the granule cells as well as other unlabeled intemeuronal dendrites. There also appears to
be a reciprocal connection to the SPLI intemeurons from the granule cells. The TTLE
molecular layer displays a dense SPLI terminal band synapsing onto the proximal apical
dendrites of the granule cells as well as a dense SPLI terminal network in the outer
molecular layer (Figure 31). The CTLE dentate gyms shows a loss of these SPLI
elements, including the subgranular dense plexus of SPLI terminals, while the two SPLI
terminal bands of the molecular layer remain. Furthermore, there is a new large SPLI
terminal type found studding the proximal apical dendrites of the granule cells in the CTLE
(Figure 31).
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Comparative Aspects: Interspecies Anatomy
The three peptides have been well characterized in the hippocampi of many species
of mammals including the human on the light microscopic level. Comparative light
microscopic studies of immunocytochemical findings of the SOM, NPY, and SP systems
can be found in several reviews and will not be extensively discussed here (Amaral and
Campbell, 1986; Amaral et al, 1988; Amaral and Insausti, 1990; Bakst et al, 1985; Bakst et
al, 1986; Chan-Palay, et al, 1986, de Lanerolle et al, 1991; Holm et al, 1992; Kohler et al,
1986; Morrison et al, 1985; Sloviter and Nilaver, 1987;). Instead comparisons will focus
more on previous ultrastructural analyses.
Somatostatin
SOMLI Intemeurons
The hilar layer of the human dentate gyrus was characterized by a variety of SOMLI
processes. Both dendrites and axons of SOMLI intemeurons ramified throughout the hilus
forming an extensive SOM intemeuronal system. Milner and Bacon (1989a) extensively
described the ultrastructure of the SOMLI system in the rat dentate gyms. Much of their
observations are in agreement with those of the human findings, although important subtle
differences were also revealed. Human SOMLI intemeurons grossly resembled those of
the rat, as they both contained well-defined nuclei surrounded by cytoplasm rich in dense
SOMLI clumps along the polyribosomes. The nuclei of the rat SOMLI interneurons
demonstrated finger-like indentations not seen in the human cells. It has been postulated
that these indentations, previously reported in rat hilar interneurons and rat and primate
granule cells, may be an indication of increased physiological activity (Ribak and Seress,
1983; Seress and Ribak, 1991). In Milner and Bacon's study (1989a), "type 2"
interneurons also contained dense core vesicles, structures thought to be involved in active
peptide synthesis. These were not observed in the human.
SOMLI Dendrites

Proximal dendrites and smaller dendritic components of SOMLI intemeurons were
much like those in the rat with abundant SOMLI material and receiving multiple unlabeled
terminals making asymmetric contacts onto the shaft of the dendrite itself. Like the rat, in
the human some SOMLI dendrites in the hilus were often contacted by unlabeled terminals
in a glomerular-like fashion. In both the human and rat mossy fiber-like terminals were
observed making large asymmetric contacts onto these SOMLI terminals supporting the
notion that the granule cells and the SOMLI intemeurons are directly in contact and form an
intimate circuit (Leranth et al, 1990; Leranth and Frotscher, 1987; Milner and Bacon,
1989a). In agreement with the light microscopic findings of Amaral et al (1988) and the
ultrastructural studies of Milner and Bacon (1989a), occasional SOMLI terminals were
noted to be involved in these glomeruli making symmetric synaptic contact with SOMLI
dendrites. The common observations of these interactions, the clearly defined membranes,
and slight difference in density of the immunoreactive staining (terminal darker than
dendrite) suggest two independently stained processes.
As in the rat (Leranth et al, 1990), the dendrites of these SOMLI hilar intemeurons
course up through the granule cell layer deep into the molecular layer where they receive
multiple synapses directly onto their shafts. As the SOMLI dendrites were observed closer
to the outer molecular layer, unlabeled terminals synapsing onto them was more common.
The implication here, in agreement with Leranth et al (1990), is that these dendrites may be
receiving extra-dentate gyrus input. One candidate may be a perforant pathway input,
which has been shown in the rat to have considerable terminal input into the upper portion
of the inner molecular layer and the outer molecular layer (Steward and Vinsant, 1983).
These findings, similar to those in the rodent, suggest that the SOMLI intemeurons may be
involved in the processing of perforant pathway synaptic information via both feed-back
and feed-forward mechanisms (Buzsaki, 1984). The ramifications of these types of
circuits in the human will be discussed later.
SOMLI Terminnls
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Small SOMLI terminals in the TTLE hilus make predominantly symmetric synapses
onto unlabeled dendritic processes of variable sizes, and they have much the same axo¬
dendritic associations as seen in the rat hilar region (Leranth et al, 1990; Milner and Bacon,
1989a). In the rodent these terminals were observed making contacts onto cell somata.
This association between SOMLI terminals and unlabeled intemeuronal cell bodies was not
observed in the human hippocampus. In the rodent and the TTLE SOMLI terminals in the
hilus are in close association with the glutamate-containing mossy fiber terminals onto the
same unlabeled dendrite, indicating a close competition or "fine tuning" of excitatory and
inhibitory influences over a given dendritic membrane.
Although light microscopy data suggests considerably more SOMLI profiles in the
inner molecular layer of the human as compared to the rat and non-human primate
hippocampus, relatively few SOMLI axons or terminals were noted in the human inner
molecular layer. The rodent appears to have small SOMLI terminals terminating on
unlabeled granule cell-like dendrites in the inner molecular layer as well as on some granule
cell somata (Leranth et al, 1990; Milner and Bacon, 1989a). These terminals are similar in
morphology to those seen in the hilus and in the outer molecular layer. In the human few
SOMLI terminals are found in the supragranular region of the inner molecular layer and are
similar in morphology to those seen in the hilus. Conversely the SOMLI terminals seen in
the outer molecular layer of the human are larger and make both asymmetric and symmetric
synapses. Unlike the rat, whose SOMLI hilar interneurons contribute significantly to the
outer molecular layer SOMLI terminal plexus (Bakst et al, 1986; Leranth et al, 1990;
Sloviter, 1987), the TTLE SOMLI terminal plexus of the outer molecular layer receives
little terminal input from the hilar SOMLI intemeurons. The SOMLI terminal plexus of the
TTLE outer molecular layer may then be afferents from a SOM source outside of the
dentate gyrus and even outside of the hippocampus (Bakst et al, 1985).

Somatostatin Circuitry

As was described, the SOMLI interneurons of the human hilus are selectively lost
in the epileptic hippocampus. With this loss there is an accompanying change in the
SOMLI profiles of the dentate gyrus. In the seizure rat models of Sloviter (1987) and
Bakst et al (1986) the loss of these SOMLI intemeurons led to a loss of molecular layer
SOMLI profiles as well. Furthemiore, Bakst et al (1986) lesioned the perforant pathway
and demonstrated no significant loss of SOMLI profiles in the outer molecular layer. Their
conclusion was that the SOM innervation of the outer molecular region is derived from the
hilar cells of the dentate gyrus.
In the CTLE hippocampus of this study there was clearly a loss of a particular
SOMLI profile in the molecular layer associated with the loss of hilar SOMLI intemeurons.
However the profiles lost may not be terminals as suggested by Bakst et al (1986). There
is light microscopic evidence that SOMLI intemeuronal dendrites travel up through the
granule cell layer into the molecular layer in several animal species other than the human
(Holm et al, 1992; Leranth et al, 1990). In the CTLE dentate gyrus, it is the dendrites of
the SOMLI hilar interneurons ramifying into the molecular layer which are lost. There was
no evidence that the dense SOMLI terminal plexus in the outer molecular layer was at all
depleted, and, in fact, there was an increase in the molecular layer in SOMLI terminals.
The possibility exists that hilar neurons which survive in a more rostral or caudal section of
the hilus sprout terminals (de Lanerolle et al, 1989), but pathologic data on CTLE
hippocampi display significant hilar cell loss in the entire rostral caudal extent of the
hippocampus (Bruton, 1988). Although a contribution of SOMLI axons by surviving
SOMLI hilar interneurons cannot be entirely ruled out, these findings suggest several other
possible origins of these SOMLI terminals.
Although SOMLI commissural inputs to the rat are well described (Leranth et al,
1990; Leranth and Frotscher, 1987), existence of commissural fibers to the dentate gyrus in
the primate is questionable and will be excluded as a possible source (Amaral and Insausti,
1990). Bakst et al (1986) transected the perforant pathway and showed no considerable

loss of SOMLI inputs to the outer molecular layer. However, Chan-Palay (1987) showed
a dense plexus of SOMLI cells in layers II and III of the entorhinal cortex with long axons.
Cells of these two layers, predominantly, were found to project to the dendrites of the
granule cells in the outer molecular layer of the macaque monkey (Witter et al, 1989). The
morphology of SOMLI myelinated axons in the TTLE closely resembled those of the
perforant pathway axons, postulating that the entorhinal cortex, unlike the rat, contributes
substantially to the outer molecular layer SOMLI terminal plexus.
Bakst et al (1986) also went on to state that they doubted the existence of a
hypothalamic SOM input because previous immunohistochemical studies showed a paucity
of SOMLI cells there. The major hypothalamic projection to the outer molecular layer
comes from the supramammillary region (Amaral and Cowan, 1980; Wyss et al, 1979;
Veazey et al, 1982). Although this area does not display significant SOMLI cells in the
rodent, the human contains many SOMLI cells in this area (Bennet-Clarke and Joseph,
1986). This suggests the distinct possibility that another significant source of molecular
layer SOMLI terminals may come from the hypothalamus.
The SOMLI terminals in the CTLE inner molecular layer have the same morphology
as those which remain in the outer molecular layer of both the TTLE and CTLE patients.
Therefore, SOMLI terminals from the entorhinal cortex, the hypothalamus, or both may
sprout into the CTLE molecular layer, while those dendrites of the SOMLI interneurons
disappear from the molecular layer.
Neuropeptide Y
NPYLI Interneurons
Previous investigators have reported the similar morphologies of NPYLI
interneurons and SOMLI intemeurons of the rodent hilus (Deller and Leranth, 1990;
Kohler et al, 1987). The human hippocampus shows the same similarities, and, like the
rat, may co-localize NPY and SOM in the same interneurons (Chan-Palay, 1987; Kohler et
al, 1987). In the rat NPYLI intemeurons are shown receiving several types of synapses
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onto their perikarya which presumably come from granule cells, entorhinal cortex, and
commissural input (Deller and Leranth, 1990; Milner and Veznedaroglu, 1992). The
human NPYLI interneurons do not receive as many terminals directly onto the cell soma
but are restricted to the dendrites of these cells. Like the rodent the terminals are of many
morphologies including mossy fiber-like terminals with large asymmetric synapses.
Ultrastructural studies in the rat demonstrated NPYLI terminals making synaptic contact
onto NPYLI dendrites in the hilus, a similar finding to that of the SOMLI system (Deller
and Leranth, 1990; Milner and Veznedaroglu, 1992). The human ultrastructural studies of
this work disagree with those findings. Although NPY and SOM co-localization clearly
occurs in the human hilar interneurons (Chan-Palay, 1987), the findings of this study
suggest more separate and distinct subpopulations of NPYLI and SOMLI interneurons.
NPYLI Dendrites
The NPYLI dendrites of the TTLE human hilar intemeurons were restricted to the
hilar region. They were not found ramifying up through the granule cell layer into the inner
and outer molecular layers as seen in both the SOMLI system of the human and the NPYLI
system of the rodent (Deller and Leranth, 1990; Milner and Veznedaroglu, 1992). In the
rat hilus long smooth dendrites course through the hilus and receive many asymmetric
synapses onto their shafts. Some of the NPYLI dendrites were spiny and received mossy
fiber-like terminals with large asymmetric synapses onto those spines (Deller and Leranth,
1990; Milner and Veznedaroglu, 1992). Others were aspinous and did not appear to
contact these mossy fiber axons. In the human, the NPYLI dendrites of the hilus were
only aspinous but were also contacted by a variety of terminal types including large mossy
fiber-like terminals onto their shafts. Kohler et al (1987) found that only 32% of the cells
positively immunoreactive for NPY co-localized SOM in the same neuron, while ChanPalay (1987) found 30% of all SOMLI hilar intemeurons also immunostained for NPY.
The fact that no NPYLI interneuronal dendrites (like SOMLI intemeurons) were observed
traveling into the molecular layer in this study also suggests that the cells with co-
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localization of these two peptides may be a smaller subset of interneuronal cell type than
previously reported.
NPYLI Terminals
Light microscopic studies of the dentate gyrus of rats, non-human primates, and
humans overwhelmingly suggest that the majority of the NPYLI profiles are axonic and
terminal in nature (Chan-Palay et al, 1986a; Kohler et al, 1986; Lotstra et al, 1989). In the
human hippocampus, especially, the NPYLI axons were laden with varicosities along their
lengths, suggesting terminal-like structures (Chan-Palay, 1986a; Lotstra et al, 1989).
Terminals in the hilar layer of the human were much like those seen in the rat with
small round vesicles and symmetrical synapses. Unlike the rodent, no NPYLI terminals
were seen to synapse onto NPYLI dendrites (Deller and Leranth, 1990; Milner and
Veznedaroglu, 1992). Although more common in the rodent, few small NPYLI terminals
in the TTLE human made symmetrical synapses onto the granule cell somata and onto their
proximal dendrites in the granule cell layer (Deller and Leranth, 1990). These terminals are
similar in morphology to those of the hilus suggesting a possible feed-back mechanism
onto the granule cells via NPYLI hilar intemeurons.
In the inner molecular layer of the rat many NPYLI terminals, similar to those of the
hilus, were noted. However, in the human, these terminals were accompanied by the large
axon-terminal complexes. Like the NPYLI terminals of the rat, these complexes were in
close apposition to many unlabeled terminals which synapsed onto the same unlabeled
dendrites (possibly distal dendrites of granule cells). The proximity of NPYLI terminals to
other unlabeled terminals suggests possible competition effects between excitatory and
inhibitory inputs. One possible mechanism of NPY inhibition in the human dentate may
coincide with Deller's and Leranth’s (1990) suggestion that, although no axo-axonic
NPYLI terminals were reported, NPYLI could diffuse out into the surrounding interstitium
and inhibit adjacent excitatory terminals via a presynaptic reduction of Ca2+ influx into the
terminal (Colmers et al, 1988; Haas et al, 1987).

In the outer molecular layer NPYLI terminals and axon-terminal complexes were
more commonly observed as compared to the inner molecular layer in all other species
studied. This dense NPYLI terminal plexus indicates a potent inhibitory effect on the distal
dendrites of granule cells. This suggests multi-input regulation of granule cells at the level
of the perforant pathway entrance. The frequency of NPYLI axonic processes in the outer
molecular layer opens the question of origin of these fibers. Fimbria and perforant
pathway transections in the rat (Deller and Leranth, 1990) demonstrated no significant loss
NPYLI terminals in the outer molecular layer, supporting the notion of a hilar origin of
NPYLI terminals. Studies in the human tissue disagree with these findings and will be
addressed in more detail later in this section. No dense core vesicles were noted in any of
the NPYLI terminals of the human dentate gyrus.
Neuropeptide Y Circuitry
Although it has been suggested that up to 50% of the human hilar intemeurons co¬
localize NPY and SOM (Chan-Palay, 1987), this study suggests that there is also a distinct
population of NPYLI interneurons that are selectively lost in the CTLE hilus. These are
neurons whose dendrites are restricted to the hilus, and which modulate perforant pathway
information via the granule cells only. As with the case in the SOM system, the findings in
this study imply that there is both an intra-and extra-dentate source of NPY innervation.
When the hilar interneurons are lost in the CTLE patient the NPYLI profiles are
substantially reduced in the hilus but NPYLI profiles are both preserved and increased in
the entire molecular layer. Like the SOM system of the human there is a sprouting of
NPYLI axons and terminals into the inner molecular layer which resemble those axons and
terminals seen in the TTLE outer molecular layer. It is possible that NPYLI terminals are
contributed to the inner molecular layer around the granule cell layer by the hilar
interneurons, but the existence of many unmyelinated axons throughout the outer molecular
layer in greater proportion than those in the inner molecular layer in the TTLE dentate
supports another source of NPY also. Fimbrial and contralateral hippocampal injection of a
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retrograde label did not suggest any extra-hilar NPY source (Deller and Leranth, 1990).
The findings in this study disagree with those results, and several sources of NPY to the
dentate gyrus will be suggested.
NPYLI neurons are abundant in layer III of the entorhinal cortex, a possible origin
of these NPYLI fibers to the inner and outer molecular layer of both patient groups (Lotstra
et al, 1989). Other extra-dentate sources of NPY may be via the fornix as NPYLI cell
bodies have been observed in the septal area and the hypothalamus (Adrian et al, 1983;
Chan-Palay et al, 1986a; Dawbam et al, 1984). However, in the human, there are not a
substantial amount of fimbrial NPYLI fibers (Lotstra et al, 1989), which may suggest few
hypothalamic NPY contributors.
Other evidence suggests that NPYLI intemeurons give rise to axonal networks in
their immediate subfields (Lotstra et al, 1989), while SOMLI cells are more projection
neurons. It has been observed that some NPYLI neurons do survive in the hilar region of
CTLE patients (de Lanerolle and Philips, unpublished data). Furthermore, other local
NPYLI intemeurons may contribute, like those NPYLI intemeurons interspersed in the
white matter of the fimbria (Chan-Palay et al, 1986a; Lotstra et al, 1989). In studying
terminal proliferation into the molecular layer after entorhinal cortical lesions. Steward and
Vinsant (1983) questioned whether the origin of these new terminals was local sprouting of
surviving afferents or new afferents from other sources. They concluded that the source
was local surviving afferents. If this were the case, the NPYLI sprouting into the
molecular layer in the CTLE hippocampus could conceivably come from surviving hilar
interneurons. Two findings disagree with this supposition: (1) The NPYLI sprouted fibers
in the CTLE inner molecular layer morphologically resemble those processes found in both
groups of patients' outer molecular layer, not the hilus; (2) There is a significant loss of
granule cells which also accompanies the loss of peptide-specific intemeurons, a factor
which adds bias. Like the SOMLI sprouted fibers in the molecular layer, the origin of
NPYLI sprouted terminals in the inner molecular layer remains speculative.

Substance P
SPLI Interneurons
Few ultrastructural studies have been reported for the substance P system in the
mammalian hippocampus as compared to the other two peptides discussed above, and
comparisons will be made on correlative light microscopic findings in non-human animals.
Like NPY and SOM intemeurons in the hilus and like those SPLI ones in rodents (Davies
and Kohler, 1985; Vincent and McGeer, 1981), cats (Vincent et al, 1981), Guinea pigs
(Gall and Selawski, 1984), and non-human primates (Amaral and Campbell, 1986), SPLI
hilar interneurons are predominantly concentrated in the peripheral portion of the hilus,
closer to the granule cell layer. These cells appear to contribute to the plexus of SPLI fibers
in the hilus.
SPLI Dendrites
Most of the light microscopic studies of the SPLI profiles of the dentate gyrus have
been identified as axonic in appearance (Gall and Selawski, 1984; de Lanerolle et al, 1991;
Leranth and de Lanerolle, 1991; Sakamoto et al, 1987, Vincent et al, 1981). In this study,
SPLI hilar dendrites are identified and found to remain restricted within the boundaries of
the hilus. This may suggest a sphere of influence limited to the cells in the general locale of
the SPLI interneuron. These interneurons receive various unlabeled interneuronal and,
possibly, mossy fiber input. Unlike the rat and like the other human peptideimmunoreactive hilar interneurons of the human, the SPLI dendrites are aspinous and
receive synaptic contacts directly onto their shafts.
SPLI Terminals
Much of the light microscopy of the SPLI system in the hippocampus suggests that
the majority of the immunoreactive profiles are varicose axons and terminals. Those SPLI
varicosities noted in the non-human primate by Leranth and de Lanerolle (1991) were
asymmetrically synapsing terminals in the outer molecular layer. Although these terminal
types were also noted in the human outer molecular layer, the hilus contained a variety of
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small SPLI terminals making both symmetric and asymmetric synapses. These hilar SPLI
terminals cause excitation of unlabeled dendrites possibly of interneuronal origin, as well as
innervate the basal dendrites of the granule cells. It is presumed from these studies as well
as fimbrial transections of animal models (Gall and Selawski, 1984; Vincent et al, 1981)
that the hilar layer and, especially, the subgranular region of the hilar layer is innervated,
only partly by the extrinsic SPLI inputs, but predominantly by the SPLI hilar intemeurons.
Substance P Circuitry
The SP innervation is probably the most well established of the three peptides in
this discussion. In many mammalian species, including the rat (Davies and Kohler, 1985;
Vincent and McGeer, 1981); guinea pig (Gall and Selawski, 1984); cat (Vincent et al,
1981); macaque monkey (Amaral and Campbell, 1986); and human (de Lanerolle et al,
1991; Leranth and de Lanerolle, 1991; Sakamoto et al, 1987) a hilar SP system intrinsic to
the dentate gyrus and a well-defined septal/hypothalamic SP input to the dentate gyrus have
been documented. This double SP circuitry is further supported by the findings in the
CTLE hippocampus. With the specific loss of the SPLI hilar intemeurons there is a
concomitant reduction of SPLI axon, terminals and dendrites immunoreactive for SP
throughout the hilus. The dense SPLI terminal plexus in the subgranular region
disappears.
The CTLE molecular layer shows no loss of SPLI terminals and axons. The inner
molecular layer, especially the dense supragranular band of SPLI profiles has been well
documented in a number of mammalian species (Davies and Kohler, 1985; de Lanerolle et
al, 1991; Gall and Selawski, 1984; Leranth and de Lanerolle, 1991; Sakamoto et al, 1987,
Vincent et al, 1981; Vincent and McGeer, 1981). Guinea pig fimbrial and rostral
hippocampal transections suggest that the vast majority of the SPLI input to the molecular
layer comes from an extrahippocampal source, namely from the supramammillary region of
the hypothalamus and some from the septal area (Gall and Selawski, 1984; Sakamoto et al,
1987; Vincent and McGeer, 1981).

In an early study by Hong et al (1980), destruction of the hilar interneurons by
kainate injection in rats did not substantially reduce the SP staining in the hippocampus.
They postulated from this that the bulk of the SP innervation of the hippocampus was from
extrinsic sources. The morphology of the terminals and axons in the inner molecular layer
resembles those of the outer molecular layer and those of the TTLE molecular layer,
indicating that there seems to be no effect on the extrinsic sources of SP innervation to the
sclerotic hippocampus. However, in the CTLE group there are new, large SPLI terminals
synapsing onto the proximal dendrites of the granule cells. The origin of these terminal
types is unknown as they do not resemble any terminal type seen in the TTLE dentate
gyms. Possibly they come from cells which have survived in the hilus and have sprouted
onto proximal apical dendrites since their original targets, the basal dendrites of granule
cells or other hilar Interneurons have disappeared. Secondly and more likely, they may be
sprouted terminals from the extrinsic SP sources. Further investigation, including double
labeling experiments, may elucidate the origin of these terminals.

Functional considerations
As discussed in the introduction, kindling animal models as well as other seizure
models suggest that there is a primary insult which causes an initial cell loss. Then, as
postulated by these animal studies, there is a period of time where remodeling takes place,
the result of which is unremitting complex partial epilepsy (Cronin and Dudek, 1988; de
Lanerolle et al, 1992b; Represa et al, 1989: Sutula et al, 1988; Sutula et al, 1992; Tauck
and Nadler, 1985). Similarly, findings in the sclerotic CTLE hippocampi echo those of
animal models and suggest a similar progression of events: insult (ie: childhood febrile
seizure); cell loss (hilar peptide containing cells and Ammon’s hom sclerosis);
reorganization of neural circuitry ("maturation") during a clinically seizure-free period of
time; and finally overt seizure activity secondary to this "new" circuitry (Babb et al, 1991;
Bruton, 1988; Cascino et al, 1988: Meldrum, 1983; Sutula et al, 1989). However, the

human hippocampus is unique in its structure and function, and no single animal model of
epilepsy exactly replicates both the complex partial seizures and the hippocampal
reorganization seen in the human.
The question, then, is the following: What does the specific synaptic reorganization
have to do with the establishment and/or maintenance of the human hippocampal seizure
focus? — This question has three parts to it: 1) Is it possible that the reorganization of this
tissue has nothing to do with the epileptogenic focus?; 2) Do these peptide systems
reorganize as a physiologic response to the hyperexcitability?; or 3) Does this
reorganization form the substrate of the hyperexcitability? The later two questions will be
addressed together in the context of each peptide system.
Firstly, if one considers epilepsy and neural reorganization as mutually exclusive
events, and there exists no physiologic drive to reorganize, then terminal proliferation, or
"sprouting", and reactive synaptogenesis, are anatomical phenomena only. The sprouting
could potentially be induced by the increase of growth factors in the hippocampus
secondarily released as a response to the cellular injury (ie: intemeuronal cell loss) (Connor
et al, 1992; Gomez-Pinilla et al, 1992). It is even possible that the involvement of the
specific peptide systems (SP) occurs because of a role they may play as neurotrophic or
growth-stimulatory factors and not as neuromodulators (Del Fiacco and Quartu, 1989).
Sprouting by surviving afferent terminal sources followed by new synapse
formation in a region of cortex where the normal synaptic input has been damaged is a
well-documented phenomenon in the rat dentate gyms. When entorhinal inputs were
lesioned in the rat, new terminals were noted to reoccupy regions that were previously
innervated by the terminals which were lesioned (Steward and Vinsant, 1983).
Furthermore, Caceras and Steward (1983) observed significant alterations of the
organization of the granule cell dendrites in the molecular layer of entorhinal cortical
lesions. These changes encompassed deterioration and recovery in length, width, and
branching patterns of the dendrites as well as spine density and morphology (Caceras and
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Steward, 1983; Parnevelas et al, 1974; Steward and Vinsant 1983). These findings
support the notion of dendritic spine and surface modifications as a response to the change
in the afferent circuitry (Benshalom and White, 1988; Caceras and Steward, 1983; Dyson
and Jones, 1984). Conversely, SOMLI, NPYLI, or SPLI entorhinal inputs (or other
inputs) to the granule cell dendrites are spared but the granule cells are reduced in number
in the CTLE patient (Bruton, 1988; Kim et al, 1990). These remaining granule cell
dendrites then undergo surface modifications, and these new targets alone may provide a
drive for peptidergic terminal sprouting.
Dentate gyrus injury in the rat may, in fact, be the single drive for the terminal
proliferation and synaptogenesis. However, the findings of many different animal models
only echo some of the changes found in the human. In the human, the specific and
constant nature of the reorganization of the hippocampi of mesial temporal sclerosis patients
undoubtedly is associated with the seizure activity there. The most convincing evidence
concerning the association between reorganization and a seizure focus is the fact that
surgical removal of the reorganized hippocampus provides good seizure control (Spencer et
al, 1988; Spencer and Spencer, 1985).
Several investigators have shown a definite sprouting of potent excitatory mossy
fiber terminals into the inner molecular layer which synapse onto the granule cell apical
proximal dendrites (Babb et al, 1991; Cascino et al, 1988; Houser et al, 1990; Sutula et al,
1989). Evidence of this hyperexcitability has been established electrophysiologically
(Masukawa et al, 1991; Williamson et al, 1990). As shown by de Lanerolle et al (1992a)
the intrinsic properties of the granule cells of both the TTLE and the CTLE patient are
similar, however, intracellular recordings of these cells in the epileptic hippocampi reveal
hyperexcitability. There is evidence, though, that inhibitory GABAergic interneurons
survive in the epileptic hippocampus, and may even attempt to offset, via a negative feed¬
back mechanism, the potent excitation of the granule cells by the recurrent collaterals (Babb
et al, 1989) or other excitatory inputs. This inhibitory GABA input is not enough to offset

this excitation, and it is possible that other neuromodulators play a functional role in the
epileptic hippocampus.
This draws on the second two questions concerning the integral involvement of the
specific reorganization of each of these peptide systems with the hyperexcitability of the
seizure focus. Do these changes establish a seizure focus or do they attempt to regulate an
improperly functioning hippocampus?
Somatostatin
The results of this study show that there is an intra-dentate source of SOM and a
possible extra-dentate, even extrahippocampal, source of SOM. SOM has been shown to
cause both excitation and inhibition of neurons. If it is excitatory, acting via a postsynaptic
decrease of K+ conductance (Mueller et al, 1986), then the increased terminal proliferation
of SOMLI terminals directly onto the dendritic shafts of the CTLE granule cells may
contribute to the a potent excitatory drive already established by the recurrent mossy fiber
collateral synapses there. It must be noted that physiologic studies of SOM on
hippocampal slices may not mimic actual in vivo physiology. SOM may be confined in the
synaptic cleft whereas it diffuses into the interstitium in slices. This situation allows it to
contact receptors it normally may not reach, and activate interneurons which may inhibit the
target cells in question or activate the target cells directly. This may be a reason why it has
been shown to be both excitatory as well as inhibitory on CA1 pyramidal cells in slice
preparations (Mueller et al, 1986; Pittman and Siggins, 1981; Scharfman and
Schwartzkroin, 1988b). If SOM is depolarizing GABAergic cells which contact the
granule cells, it may actually be contributing to a net inhibition or feed-forward inhibition of
granule cells. The anatomical data of this report suggests this possibility, but SOMLI
synaptic input onto the granule cells, themselves requires investigation of SOM effects at
the membrane it directly contacts.
SOM has also been shown to be an inhibitor, as it acts postsynaptically via a
augmentation of the non-activating outward K+ conductance (Jacquin et al, 1988; Moore et

al, 1988; Velimirovic et al, 1991) as well as a presynaptic inhibitor by depressing GABAmediated synaptic potentials (Scharfman and Schwartzkroin, 1989). SOM inputs onto the
dendrites of the granule cells may be a direct attempt at offsetting the hyperexcitability of
these cells. Furthermore, Robbins et al (1990) found decreased SOM immunoreactivity but
a significant increase in the molecular layer SOM receptor density, indicating a surface
upregulation of receptors to possibly accommodate sprouted SOMLI terminals.
SOM as a postsynaptic inhibitor may be terminating onto dendrites of GABAergic
basket cells, which are integrally involved in the circuitry of the granule cells in the CTLE
dentate gyrus (Ribak and Peterson, 1991; Ribak and Seress, 1983). GABAergic cells and
input is relatively spared in the CTLE dentate (Babb et al, 1989; Sloviter, 1987), and
inhibitory actions of these dendrites in the inner molecular layer by SOMLI terminals may
secondarily reduce the GABAergic inhibition of the granule cells. This disrupted balance
of inhibitory input onto the granule cells may render them hyperexcitable.
SOM has also shown electrophysiologically to be a presynaptic inhibitor of GABAmediated potentials (Scharfman and Schwartzkroin, 1989). In this study SOMLI terminals
were shown to be in close apposition to unlabeled terminals synapsing onto the same
dendrite. If these unlabeled terminals are GABAergic, then a presynaptic inhibition by
increased SOMLI terminals releasing increased SOM into the interstitium will reduce the
hyperpolarization potential onto the granule cells. Furthermore, GABA and SOM have
been demonstrated to co-localize in many different neuronal populations, including the hilar
intemeurons (Kosaka et al, 1988). It is possible that there is co-release of these
neuromodulators, and that SOM reduces the GABA release by this presynaptic mechanism.
Neuropeptide

Y

Neuropeptide Y is has also been to shown to excite and inhibit hippocampal cells in
slice preparation. The inhibitory mechanism on the presynaptic Y2 receptor subtype (Li
and Hexum, 1991) has been well-established on non-human mammalian models (Colmers
et al, 1988; Haas et al, 1987; Kombian and Colmers, 1992; McQuiston and Colmers,

1992). Sundaresan (1990) showed a significant increase in the NPY receptor density in the
CTLE molecular layer as compared to the TTLE molecular layer, however the exact
location (pre or postsynaptic) of these receptors is yet unknown. As far as presynaptic
inhibition, the CTLE inner molecular layer shows no ultrastructural evidence of axo-axonic
interaction of NPYLX terminals, although NPYLI terminals are in close apposition to other
unlabeled terminals synapsing onto the same granule cell dendrite. It is possible that the
increase in NPYLI terminals in the inner molecular layer causes an increased presynaptic
inhibition of potential GABAergic or other inhibitory terminals leading to net excitation of
the granule cells. Another possibility is that NPY has a distinct postsynaptic receptor
subtype and an inhibitory effect on the postsynaptic membrane of granule cells that has yet
to be investigated.
As for Allen et al's (1985) brief report on the excitation of granule cells in slice
preparation with the application of NPY, the results evoke skepticism. Like the case with
SOM application over an area of tissue, the natural boundaries of the peptide may be
violated. Receptors, like presynaptic NPY receptor subtypes on inhibitory intemeuronal
cells, may have been indiscriminately inhibited by this application, and secondarily caused
depolarization of the granule cells. To elucidate some of the potential effects of NPY on
granule cells, distinct injections onto discrete areas of granule cell somal and dendritic
membrane are needed.
Substance P
Substance P is thought to be an excitatory neuropeptide which acts via a
postsynaptic mechanism and suppresses a K+ conductance (Velimirovic et al, 1991). The
abundance and specific organization of SPLI profiles in the dentate gyms of several animal
species suggests the importance of SP as an integral neuropeptide of the hippocampus. In
the rat, SPLI terminals were found to innervate inhibitory, parvalbumin-containing
(GABAergic) intemeurons of the dentate gyrus (Leranth and de Lanerolle, 1991). In the
TTLE dentate gyrus the intra-hilar connectivity of SP may indicate an excitation of several

subtypes of interneurons, including GABAergic basket cells lying within the dense SPLI
plexus of the subgranular region. Furthermore, the abundance of SP staining in the
supragranular region indicates direct excitation of the granule cells. There may be an
equilibrium established in the TTLE dentate with respect to the SPLI innervation. An
excitation of granule cells by extrahippocampal SPLI afferents may be counter-balanced by
concomitant hilar SPLI interneuronal excitation of inhibitory intemeurons acting directly
onto the granule cells.
In the CTLE dentate the hilar SPLI cells are destroyed leaving only an
extrahippocampal potent excitatory SPLI innervation of the granule cells and their dendrites
in the inner molecular layer. As the inhibitory influences of other interneurons (NPY,
GABA) are also lost, the SP input may enhance already potent excitation of the granule
cells. The K+ conductance channel that SP inactivates is the same channel that SOM
activates, however the inactivating effects of SP have been shown to be stronger than the
enhancing effects of SOM on neurons in culture (Velimirovic et al, 1991). If SOM is
acting as an inhibitory modulator of granule cells in the CTLE dentate, it may still not be
enough to overcome the K+ channel-suppressing effects of the SPLI innervation. This
situation favors hyperexcitability of the granule cells.
One issue must be addressed in SP terminal morphology, the variety of synapses.
Both asymmetric and symmetric terminals are noted in the inner and outer molecular layer.
These terminals may have different functions if one is excitatory and one is inhibitory. In
other words, the symmetric terminals may be inhibitory and contact a specific SP receptor
subtype which modulates inhibitory actions. Conversely, the SP in the different terminal
types may be excitatory but one terminal type co-localizes with an inhibitory (symmetric) or
excitatory (asymmetric) transmitter. Combined immunocytochemistry with
immunofluorescence and/or immuno-gold labeling may further elucidate this possibility.
Finally, the new large terminals seen on the proximal dendrites of granule cells may be
reinnervation of denervated sites of destroyed hilar intemeurons.
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Conclusions
The distinct organization of the hippocampal formation makes it a remarkable
structure in which to study plasticity of the brain. The results of this study add to the
current and expanding knowledge of the human brain's ability to undergo anatomical and
neurochemical restructuring of its circuitry and synaptic organization. The SOMLI,
NPYLI, and SPLI systems in the human dentate gyrus have a specific organization that
maintains a functional equilibrium of excitation and inhibition of the granule cells. By
regulating the excitation of these cells, the peptide systems contribute to the fine tuning of
synaptic information entering the hippocampus. When the dentate gyrus is injured, this
study suggests that the SOMLI, NPYLI, and SPLI innervation undergoes a specific and
functionally related synaptic remodeling, and that the ultrastructural changes observed here
support the link between epilepsy and the plasticity of the human brain. The consequences
of this reorganization may be an attempt at regulation an already malfunctioning system.
Conversely, the reorganization may establish a substrate for epileptiform activity which
propagates further interneuronal cell death, synaptic reorganization, and a medically
intractable epileptogenic focus. The reorganization may even be a combination of both
cause and effect of seizure activity. Changes of the anatomical distribution of these three
peptide systems stress the importance of the peptide as a neuromodulator and open new
questions of therapeutic implications in the treatment of epilepsy.
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FIGURES

Figure 1
(a) Light micrograph of a Nissl-stained coronal section of a right-sided normal
human hippocampus. (CA1-CA3: subfields of Ammon's horn; GCL:
granule cell layer; HL: hilar layer; Sub: subiculum). Photograph courtesy
of Dr. J. Kim.
(b) Illustration of intrinsic hippocampal circuitry (courtesy of Dr. N. de
Lanerolle). Note: The region labeled CA4 refers to the hilar layer.

Figure 2.
Light microscope digitizer plots of the distribution of SOMLI, NPYLI, and SPLI cell
bodies in the hippocampus of a TTLE and CTLE patient. The cell bodies are represented as
small dots. The borders of the CA fields are indicated by dashed lines. Note the major loss of
peptide-immunoreactive neurons in the dentate hilus of the CTLE hippocampi.
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Figure 3
Light microscopy of the dentate gyrus immunostained for SOM.
a) TTLE dentate gyrus: Note the dark SOMLI interneurons and SOMLI fibers in
the hilar layer (HL), while the granule cell layer (GCL) and the inner
molecular layer (IML) are relatively free of SOMLI fiber staining. Also
note the dense plexus of SOMLI fibers in the outer molecular layer
(OML).
b) CTLE dentate gyrus: There is significant SOMLI interneuronal cell and fiber
loss in the hilar layer, while sprouted SOMLI fibers fill the entire width of
the molecular layer (small black arrows)

Figure 4
Dark field microscopy of the dentate gyrus immunostained for NPY.
a) In the TTLE dentate gyrus note one dense plexus of NPYLI fibers in the hilus
(HL) and another dense plexus of NPYLI fibers in the outer molecular
layer (OML). In the inner molecular layer (IML) NPYLI fibers are sparse.
b) In the CTLE the entire molecular layer, including the inner molecular layer, is
laden with sprouted NPYLI fibers.
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Figure 5
Light microscopy of SP immunostained dentate gyrus.
a) The TTLE hilus (HL) has many SPLI intemeurons and a network of SPLI
fibers. Just under and following the contour of the granule cell layer is a
dense band of SPLI fibers. Similarly, another dense band of SPLI fibers
extends across the supragranular region of the inner molecular region.
There is also a dense band of SPLIfibers in the outer molecular layer.
b) The CTLE hilus loses the SPLI interneurons, the SPLI fiber network, and the
subgranular band of SPLI fibers. The molecular SPLI staining pattern
remains unchanged.

Figure 6
TTLE hilar region.
a) SOMLI perikarya, with large unlabeled nuclei (Nuc), are abundant in SOMLI
substance along the rough endoplasmic reticulum.
b) SOMLI dendrites (D) in the hilus are often contacted directly onto their shafts by
multiple unlabeled terminals (T) in a glomerular-like fashion.
c) Occasionally SOMLI terminals (upper right) synapse symmetrically with SOMLI
dendrites (D).

Figure 7
The TTLE hilus.
(a) The hilus contains many NPYLI dendrites (D) which receive many unlabeled
terminals (T).

Figure 8
SPLI profiles of the hilar layer of the TTLE patient.
a) SPLI interneuron of the dentate hilar area (Nuc: nucleus).
b) The dendrites (D) of these neurons respect the borders of the hilar area, and they
recieve many synapses from unlabeled terminals (T).
c) SPLI terminals (T) occupy the subgranular layer and terminate onto large basal
dendrites of the granule cells as well as onto smaller unlabeled dendritic processes
(D).

Figure 9
TTLE granule cell layer.
a) SOMLI dendritic processes (open arrows) travel up through the granule cell layer
from the hilus to enter the inner molecular layer. Note, they do not receive
terminals in this area nor make any contacts with adjacent granule cells (GC).

Figure 10
Granule cell layer.
(a) Few NPYLI terminals are found synapsing (black arrows) on TTLE granule cell
somata (GC).
(b) In the CTLE hippocampus there appears to be an increase in the number of these
terminals (T).
(c) NPYLI terminal symmetrically synapsing onto an unlabeled spine.
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Figure 11
Inner molecular layer of the TTLE dentate gyrus.
a-b) SOMLI dendrites (D) receive multiple unlabeled terminals (T) making both
symmetric and asymmetric synapses (black arrows).
c) Further up into the inner molecular layer terminals are seen synapsing in a glomerularlike fashion onto a small SOMLI dendrite (D).
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Figure 12
TTLE inner molecular layer
a-b) NPYLI terminals (T) contact unlabeled dendrites (D) throughout the entire inner
and outer molecular layer.

Figure 13
TTLE inner molecular layer.
a) In the TTLE patient NPYLI axon-terminal complexes are found terminating (black
arrows) with other unlabeled terminals (T) onto unlabeled dendrites (D).
b) These processes have a similar morphology to those found in the outer molecular
layer.
c) They synapse onto proximal dendrites of the granule cells, and a single process can
bridge across several dendrites and make several contacts (black arrows).

Figure 14
TTLE inner molecular/outer molecular layer border.
a) Large NPYLI axon-terminal complexes in the TTLE dentate gyms are found
predominantly in the IML/OML border region. Note the vesicle-filled swellings
(T) along each labeled process. Black arrows indicate where one of these
swellings synapses with an unlabeled dendrite.
b) Large NPYLI axon-terminal complex in the outer region of the inner molecular layer.

Figure 15
The supragranular region of the TTLE inner molecular layer.
a) Unmyelinated SPLI axons with terminal ends (T) are found.
b) This area is densely innervated by small SPLI terminals (T) making asymmetric
contacts onto large proximal dendrites (D) of the granule cells. Note, these inputs
synapse directly onto the dendritic shaft and not onto adjacent spines (s).
c) Small SPLI terminal (T) synapsing onto large apical proximal dendrite (D) of a
granule cell.

Figure 16
TTLE border region between the outer molecular layer and the inner molecular layer.
a) Long SPLI unmyelinated axons (A) traverse the outer and middle molecular layers.
Note SPLI terminal (T) making an asymmetric synapse on an unlabeled dendrite
(D).

Figure 17
Outer molecular layer of the TTLE dentate gyrus.
a) Few SOMLI myelinated axons among the unlabeled axons of the perforant pathway
(A) can be appreciated in the outer molecular layer.
b) Numerous small SOMLI terminals (T) synapse (black arrows) onto unlabeled
dendritic processes (D).
c-d) More small SOMLI terminals synapse onto unlabeled dendrites in the outer
molecular layer.

Figure 18
TTLE Outer molecular layer.
a) NPYLI terminals and an axonal network is observed in the outer molecular layer
of both the CTLE and the TTLE hippocampi. Note the long NPYLI axon with
vesicle-filled bouton at its lower right end.
b) Numerous NPYLI terminals (T) synapse onto small dendrites and spines (S).

Figure 19
TTLE outer molecular layer.
a) SPLI terminal (T) with small round vesicles forming an asymmetric synapse with a
small unlabeled dendritic process (D). Note the myelinated axons (A) of the
perforant pathway inputs.
b) SPLI myelinated axon (A) in the outer portion of the molecular layer.
c-d) SPLI terminals (T) are found throughout the outer molecular layer making
predominantly asymmetric synapses on small unlabeled dendrites (D). (Black
arrows mark synapses.)

Figure 20
CTLE Hilar layer.
a) Much of the SOMLI neural elements in the hilus of CTLE patients are replaced by
astrocytes and their processes, however, a few SOMLI terminals (T) making
symmetric synapses onto unlabeled dendrites (D) are observed.
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Figure 21
CTLE hilus.
a) Like SOMLI elements, the NPYLI elements are lost in the hilus and replaced by
astrocytic processes (As), although a few NPYLI terminals remain.

Figure 22
CTLE hilus.
a-b) Much of the hilus neuropil is replaced by glial elements, however, a few SPLI
terminals (T) are observed making symmetric contacts onto small unlabeled
dendritic processes (D).
c) SPLI terminals (T) also contacted spines of unlabeled dendrites (s).

Figure 23
Inner molecular of the CTLE hippocampus.
a) SOMLI terminal (T) making a symmetric synapse onto a proximal apical dendrite of a
granule cell (D).
b) Note the similar morphology these SOMLI terminals have with those seen in the outer
molecular layer of both groups of patients.
c) SOMLI terminal synapsing onto a dendritic spine (D) in the inner molecular layer.
d-e) More examples of the small SOMLI terminals filling the inner molecular layer of
the CTLE dentate gyrus.

Figure 24
CTLE inner molecular layer.
a-b) There appears to be an increase in the density of NPYLI terminals (T) synapsing on
unlabeled dendrites throughout the CTLE inner molecular layer.
c) These terminals make similar synapses and have a similar morphology to those found
in the TTLE inner molecular layer.

Figure 25
CTLE supragranular region of the inner molecular layer.
a-b) SPLI terminals with small round vesicles making symmetric contacts onto proximal
dendrites (D) of granule cells (large open arrow highlights dense core vesicle).
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Figure 26
CTLE inner molecular layer.
a) Large unlabeled proximal dendrite (D) of a granule cell (GC) studded with large SPLI
terminals making symmetric synapses (T).
b-c) Typical SPLI terminals (T) observed in the supragranular layer of the CTLE
hippocampus. These terminals make symmetric contacts onto large proximal
dendrites of the granule cells (D). Large open arrows indicate dense core vesicles.
d) Although rare in the TTLE fascia dentata, SPLI terminals (T) onto granule cell somata
(GC) are common in the CTLE patient.

Figure 27
Outer molecular layer of the CTLE dentate gyrus.
a) SOMLI myelinated axons, as seen in the TTLE patient, are found among the unlabeled
axons of the perforant pathway (A).
b) A small SOMLI terminal synapsing onto a spine (S).
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Figure 28
CTLE outer molecular layer.
a) Unmyelinated SPLI axon (ASp) adjacent to unstained myelinated axons of the
perforant pathway (A).
b) SPLI myelinated axon (Asp) similar in morphology to those axons of the perforant
pathway (A).
c) SPLI terminals (T) contacting an unlabeled dendritic spine (s).

Figure 29
Comparison of the TTLE dentate gyrus SOM input to that of the CTLE dentate
gyrus. Shaded triangles are SOMLI terminals. Note the loss of the hilus SOMLI cells
and their dendrites in the CTLE dentate gyrus. In the CTLE inner molecular layer (IML)
SOMLI sprouted SOMLI terminals contact proximal granule cell dendrites.
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Figure 30
Shaded triangles indicate NPYLI terminals contacting onto granule cell dendrites.
Note the sprouting of NPYLI terminals into the CTLE inner molecular layer (IML).
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Figure 31
SPLI terminals are concentrated on either side of the TTLE granule cell layer
(GCL) and in the outer molecular layer (OML). In the CTLE dentate gyrus the hilar SPLI
interneurons and the subgranular region plexus of SPLI terminals are lost. In the CTLE
inner molecular layer large SPLI terminals (large shaded triangles) stud the proximal
apical dendrites of the granule cells. Also note the increase in SPLI terminals onto the
granule cell somata.
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